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Summary 
This work utilized the advantages of Electrochemical Impedance Spectroscopy 
(EIS) and other analytical techniques such as Cyclic Voltammetry (CV) and 
electrochemical STM to study topics related to alkanethiol self-assembled monolayer 
(SAM) on gold. Several new findings were made. Electron transfer kinetics across 
alkanethiol SAM was studied. Electron transfer coefficient and electron tunneling 
coefficient values were obtained using EIS measurement which are in agreement with 
Marcus theory. The potential profile across the interface of alkanethiol SAM covered 
electrodes was studied and it was found that the whole potential drop essentially 
occurs within the SAM. Dissociation and association of carboxylate terminated SAM 
was studied with EIS and the pKa values were obtained. An unknown feature in the 
CV of alkanethiol SAM in an inert electrolyte was observed and studied. Possible 
causes were proposed, namely the flow of charge through defects in the SAM or an 
oxygen reduction reaction. The stability of alkanethiol SAM was studied with 
electrochemical STM and it was found that the alkanethiol SAM structure as observed 
by STM was not significantly affected by changes in potential. Mixed alkanethiol 
SAM consisting of different composition of two alkanethiols was studied with EIS and 
accurate quantitative information of the composition were obtained. This facilitated the 
study of the adsorption mechanism of the mixed SAM. It was found that alkanethiol 
adsorbed on gold can be replaced at the early stages of SAM formation and the 
kinetics can play a role in determining the composition of the SAM formed if the 
adsorbed molecules are very strongly bound and cannot be displaced easily. 
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1 Chapter 1. Introduction 
1.1 Self-Assembled Monolayer (SAM) 
Self-assembled monolayers (SAMs) are molecular assemblies that are formed 
spontaneously by the immersion of an appropriate substrate into a solution of an active 
surfactant in an organic solvent [1, 2]. In nature, self-assembly results in super-
molecular hierarchical organizations of interlocking components that provide very 
complex systems [3]. The formation of monolayers by self-assembly of surfactant 
molecules at a surface is one example of the general phenomena of self-assembly. 
SAMs offer unique opportunities to increase fundamental understanding of self-
organization, structure-property relation-ships, and interfacial phenomena. The ability 
to tailor both head and tail groups of the constituent molecules makes SAMs excellent 
systems for a more fundamental understanding of phenomena affected by competing 
intermolecular, molecular-substrates and molecule-solvent interactions such as 
ordering and growth, wetting, adhesion, lubrication, and corrosion. That SAMs are 
well-defined and accessible makes them good model systems for studies of physical 
chemistry and statistical physics in two dimensions, and the crossover to three 
dimensions [4].  
The field of SAMs has witnessed tremendous growth in synthetic sophistication 
and depth of characterization over the past two decades [5]. 
1.1.1 History 
Langmuir published his first work on the study of two-dimensional systems of 
molecular films at the gas-liquid interface in 1920 [6] which opened a new era for 
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ultrathin film study. In 1946 Zisman published the preparation of a monomolecular 
layer by adsorption (self-assembly) of a surfactant onto a clean metal surface [1]. At 
that time, the potential of self-assembly was not recognized, and this publication 
initiated only a limited level of interest. It was only about 20 years ago that interest in 
this area started to grow at an impressive pace and significantly, a self-assembled 
monolayer (SAM) of octadecyltrichlorosilane (C18H37SiCl3, OTS) was introduced as a 
possible alternative to the Langmuir-Blodgett (LB) system [7].  
In 1983, Nuzzo and Allara showed that Self-assembled monolayer (SAMs) of 
alkanethiolates on gold can be prepared by adsorption of di-n-alkyl disulfide from 
dilute solutions [8]. Their work generated much interest in this field and a large 
amount of publications have been published since then. Later, it was found that sulfur 
compounds coordinate very strongly to gold [9-19], silver [20-24], copper [22-25], and 
platinum surfaces [26]. 




































































Figure 1.1 A schematic picture of alkanethiol self-assembled monolayer on a gold 
surface 
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A schematic picture of alkanethiol SAM on gold is shown in Figure 1.1 in which 
the well ordered molecular structure can be seen. 
1.1.2.1 Types of SAM 
Many self-assembly systems have since been investigated, besides alkanethiolate 
SAMs, several other types of self-assembly methods can yield an organic monolayer. 
These include organosilicon on hydroxylated surfaces (SiO2 on Si, Al2O3 on Al, glass, 
etc) [7, 27-32]; alcohols and amines on platinum [18]; carboxylic acids on aluminum 
oxide [33-35] and silver [36]. 
Nevertheless, monolayers of alkanethiolates on gold are the most studied SAMs to 
date. Two important reasons for the success of these SAMs are a) alkyl trichlorosilanes 
are moisture sensitive; and b) gold does not have a stable oxide [37], therefore, its 
surface can be cleaned simply by removing the physically and chemically adsorbed 
contaminants and thus can be handled in ambient conditions.  
1.1.2.2 Thiol SAM Preparation 
To prepare a thiol SAM covered surface, a fresh, clean, hydrophilic metal substrate 
is usually immersed into a dilute solution (1mM) of the organosulfur compound in an 
organic solvent. Immersion times vary from several minutes to several hours for 
alkanethiols, while for sulfides and disulfides immersion times of several days are 
needed. The substrates are usually rinsed with the organic solvent after being taken out 
of the immersion solution. The result is a close-packed, oriented monolayer on the 
metal surface [5]. 
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1.1.2.3 Characteristics and Applications of SAMs 
The interest in the general area of self-assembly, specifically in SAMs, stems 
partially from their perceived relevance to science and technology. In contrast to 
ultrathin films made by, for example, molecular beam epitaxy (MBE), and chemical 
vapor deposition (CVD), SAMs are highly ordered and oriented and can incorporate a 
wide range of groups both in the alkyl chain and at the chain termina. Therefore, a 
variety of surfaces with specific interactions can be produced with good chemical 
control [38].  
SAMs provide the needed design flexibility, both at the individual molecular and at 
the material level, and offer a vehicle for investigation of specific interactions at 
interfaces. The effect of increasing molecular complexity on the structure and stability 
of two-dimensional assemblies can also be studied. These studies may eventually 
produce the design capabilities needed for assemblies of three dimensional structures 
[4]. The fabrication and manipulation of molecular assemblies, molecular recognition, 
biomineralization, hierarchical structure and function, and computational chemistry to 
elucidate structure-function relationships, have become central themes in modern 
chemistry. These important topics can find their origin partly in Langmuir-Blodgett 
monolayers and self-assembled monolayers, which continue to serve as major 
techniques for the fabrication of supra-molecular structure. 
Due to their dense and stable structure, SAMs have potential applications in 
corrosion prevention and wear protection. In addition, the bio-mimetic and 
biocompatible nature of SAMs makes their applications in chemical and biochemical 
sensing promising. The high molecular ordering in SAMs makes them ideal as 
components in electro-optic devices. Recent work on nano-patterning of SAMs 
suggests that these systems may have applications in the preparation of sensor arrays 
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[39]. Alkanethiol SAMs on gold are stable, highly organized, and electrically 
insulating and these characteristics are among the requirements for a material of use in 
nano and molecular scale electronic devices [4]. 
1.2 Thiol SAMs on Gold 
Sulfur and selenium compounds have a strong affinity to transition metal surfaces 
[40-42]. This is because of the possibility to form multiple bonds with surface metal 
clusters [43]. The number of reported surface active organosulfur compounds that form 
monolayers on gold has increased in recent years. These include di-n-alkyl sulfide [18], 
di-n-alkyl disulfides [8], thiophenols [44, 45], mercaptopyridines [45], 
mercaptoanilines [46], thiophenes [47], cysteines [48], xanthates [49], 
thiocarbaminates [50], thioureas [51], mercaptoimidazoles [52], and alkaneselenols 
[53]. However, the most studied and most understood SAM remains that of 
alkanethiolates on Au(111) surfaces.  
1.2.1 Chemistry of Alkanethiol Adsorption 
The alkanethiol adsorption reaction may be considered formally as an oxidative 
addition of the S-H bond to the gold surface, followed by a reductive elimination of the 
hydrogen. When a clean gold surface is used, the proton is thought to end as a H2 
molecule. That is, 
CH3(CH2)n-S-H+Aun0= CH3(CH2)n -S-Au+·Aun0+1/2H2 
This reaction path can be deduced from the fact that monolayers can be formed from 
gas phase in the absence of oxygen [54-56]. 
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The combination of hydrogen atoms at the metal surface to yield H2 molecules is 
an important exothermic step in the overall chemisorption energetics. That the 
adsorbing species is the thiolate (RS-) has been shown by XPS [22], Fourier transform 
infrared (FTIR) spectroscopy [57], Fourier transform mass spectrometry [12], 
electrochemistry [58], and Raman spectroscopy [59]. The bonding of the thiolate 
group to the gold surface is very strong: the homolytic bond strength is approximately 
40 kcal/mol [40]. 
The kinetics of the formation of alkanethiol monolayers on gold was studied by 
Bain et al. [9]. At relatively dilute solutions (1mM), they could observe two distinct 
adsorption kinetics: a very fast step, which takes a few minutes, by which the contact 
angles are close to their limiting values and the monolayer thickness about 80-90% of 
its maximum and a slow step, which lasts several hours, at the end of which the 
thickness and contact angle reach their final values. More recently, alkanethiol SAM 
adsorption kinetics was studied with SPR by Peterlinz et al. [60]. They found the 
kinetics of the first, most rapid step and a third, slowest step can be described well with 
Langmuir adsorption models. The kinetics of the intermediate second step is zeroth 
order and depends on alkanethiol chain length, concentration, and partial film 
thickness. 
1.2.2 The Structure of Alkanethiol SAM on Gold (111) 
Early electron diffraction studies of alkanethiol monolayers on Au (111) surfaces 
show that the symmetry of the sulfur atoms is hexagonal with a S···S spacing of 4.97 Å 
and calculated area per molecule of 21.4 Å2 [15, 17, 61]. Helium diffraction [16] and 
atomic force microscopy (AFM) [62] studies confirmed that the structure formed by 
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docosanethiol on Au (111) is commensurate with the underlying gold lattice and is a 
simple √3×√3 R30º overlayer.  
1.3 Electrochemistry and Alkanethiol SAMs 
Electrochemistry is by nature, a branch of surface science and electrochemical 
methods are powerful tools to study surface phenomena. Naturally, electrochemical 
methods can be used in studying SAMs. In return, SAMs can help improve our 
understanding of some basic electrochemical phenomena and concepts. 
The structure and reactivity of the electrode-electrolyte interface have been and 
remain the dominant issues in electrochemical surface science [63-65]. The most 
popular electrochemical technique used to study interfacial processes at SAM-
modified electrodes has been cyclic voltammetry (CV). However, this method does not 
provide much accurate quantitative information about the electron transfer process 
across SAM, especially when the SAM is very thick. Other techniques employed have 
included potential step chronoamperometry and second harmonic generation 
voltammetry. With the significant development of computing capability in the past 20 
years, the data analysis of complex impedance has become routinely available. Thus, 
Electrochemical Impedance Spectroscopy (EIS) has become more widely used and has 
been increasingly adopted in studying SAM as it has several clear advantages over 
other electrochemical techniques. 
1.4 Motivation 
The main aim of this thesis is to study alkanethiol SAMs with electrochemical 
techniques. A major motivation was the promising outlook for the use of EIS in the 
study of alkanethiol SAMs. Information gained from these measurements can be 
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related to the structure of the electrode-SAM-electrolyte interface and can give new 
information into processes occurring at the SAM covered electrode surface. 
Specifically, electron transfer theory and double layer structure at the SAM interface 
were studied. The EIS results verify the Marcus theory of electron transfer. More 
accurate information about the double layer structure at the SAM interface was 
obtained, namely a more accurate description of the potential drop across the interface 
of alkanethiol SAM. An unknown and curious feature in the CV of alkanethiol SAM 
was extensively studied and possible causes were discussed. A more accurate way to 
characterize mixed alkanethiol SAM by EIS is also shown with which the composition 
of the mixed SAM was accurately calculated and the formation mechanism of the 
mixed SAM studied. These studies have been published [66, 67]. In brief, all of these 
results indicate the effectiveness of EIS in the characterization of alkanethiol SAM. 
1.5 Thesis Layout 
The remainder of the thesis is organized as follows: 
Chapter 2: provides a deeper discussion of the relevant electrochemical concepts 
and a literature review of SAMs. 
Chapter 3: gives details of the experimental techniques used in this work, and in 
particular EIS. 
Chapter 4: presents the results on electron transfer and double layer structure of 
SAMs covered electrodes. 
Chapter 5: presents the results of characterizing the quality of alkanethiol SAM 
using EIS and the identification and study of an unknown feature in the CV of 
alkanethiol SAMs. 
Chapter 6: presents the results of characterizing mixed alkanethiol SAMs using EIS. 
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Chapter 7: summarizes this work and gives an outlook on how this work can be 
expanded in the future. 
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1 Chapter 2. Literature Review 
2.1 Electrochemistry Basics 
Electrochemistry is a powerful tool to study the properties of SAMs. To understand 
how it relates to SAMs, some basic knowledge about electrochemistry is provided. 
Much of the following discussion is classical electrochemistry and is treated in detail 
in many of the standard texts [68, 69]. 
2.1.1 Electrode Potentials 
Electrode potentials are central to electrochemistry. It is therefore essential to 
consider what these potentials represent.  
Imagine placing a metal electrode into a solution containing ions. In addition, 
imagine that the electrode is connected to an external power supply, such that the 
electrode can be charged. Since the electrode is a conductor, excess charge will be 
located on its surface. The surface charge on the electrode will give rise to a re-
distribution of the charged species in the solution close to the electrode surface. On 
electrostatic grounds the tendency will be for an accumulation of particles bearing the 
opposite charge to the excess charge associated with the metal electrode surface. This 
charge separation across the metal-electrolyte interface has been termed the electrical 
double layer [68, 69], and it is the charge separation that is the microscopic origin of 
the potential difference between the electrode and the electrolyte. 
Since potential is a relative property, the single electrode potential cannot be 
measured independently. To measure the electrode potential it is essential to place 
another terminal of the potential-measuring device into the solution. However, there 
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will inevitably be a potential difference associated with this second-electrode interface 
and the sum of two electrode potentials will be measured rather than the single 
electrode potential of interest. Fortunately, a relative scale of electrode potentials can 
be obtained if the electrode potential of interest is measured with respect to some 
standard reference electrode.  
One type of ideal electrode is the ideal non-polarizable electrode [69]. In this case 
the electrode responds to a change in the external potential by transferring charge 
across the interface and hence over a wide range of applied potential the electrode-
electrolyte potential difference remains essentially constant. The opposite extreme is 
the ideal polarizable electrode. In this case the electrode responds to the change in 
applied potential via a corresponding change in its own electrode-electrolyte potential 
difference, which at the microscopic level reflects a change in the arrangement of 
charges in the interfacial region. In double layer electrochemical studies it is desirable 
to have a working electrode which corresponds as closely as possible to an ideally 
polarizable electrode, and a reference electrode which approximates to a non-
polarizable electrode. In this situation any change in the applied potential is reflected 
solely in a change in the working electrode potential. The standard hydrogen electrode 
(SHE) is usually used for this purpose. 
Under carefully chosen experimental conditions changes in a single electrode 
potential can be determined. Imagine a simple electrochemical experiment with an 
ideal polarizable working electrode and an ideal non-polarizable reference electrode 
connected to an external power supply and immersed in an electrolyte. The applied 
potential difference only occurs at the working electrode-solution interface. Thus the 
potential of electrode being studied can be controlled and monitored.  
Chapter 2. Literature Review 
 12
Figure 2.1 is a schematic picture of a three-electrode electrochemical cell system 
(the counter electrode is used to carry current so that current does not go through 
reference electrode). 
 
Figure 2.1 A schematic picture of a three electrode electrochemical system. 
2.1.2 Double Layer and Interfacial Capacitance 
For polarizable electrodes, the electrode-solution interface has been shown 
experimentally to behave like a capacitor [68, 69]. At a given potential there will exist 
a charge on the metal electrode, qM, and a charge in the solution, qS. Whether the 
charge on the metal is negative or positive with respect to the solution depends on the 
potential across the interface and the composition of the solution. At all times, 
however qM=-qS. The charge on the metal qM represents an excess or deficiency of 
electrons and resides in a very thin layer (<0.1Å) on the metal surface [69]. The charge 
in solution qS is made up of an excess of either cations or anions in the vicinity of the 
electrode surfaces. The charges qM and qS are often divided by the electrode area (A) 
and expressed as charge densities, σM=qM/A, usually given in µC/cm2. The whole array 
of charged species and oriented dipoles existing at the metal-solution interface is called 
the electrical double layer. At a given potential, the electrode-solution interface is 
Potentiostat
Electrochemical Cell
WE: Working Electrode 
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characterized by a double-layer capacitance, Cd, typically in the range of 10-40 µF/cm2. 
The capacitance of the double layer measures its ability to store charge. It is clear that 
there are some similarities between the electrical double layer and a parallel plate 
capacitor. However, unlike real capacitors, whose capacitances are independent of the 
voltage across them, Cd is often a function of electrode potential [69].  
In the simple capacitor model of the double layer (also known as the Helmholtz-
Perrin model [68]), it is assumed that the charge distribution in the solution is simply a 
plane of charge located at some fixed distance from the electrode surface, this distance 
being determined by the distance of closest approach of the hydrated ions to the 
electrode. 
However, in solution, there is clearly some disorder present in the arrangement of 
the ions. Thermal agitation opposes the electrostatic ordering. This is the basis of the 
model adopted by Gouy and Chapman [68, 69]. Their approach is mathematically and 
physically equivalent to the more well-known Debye-Hückel theory of ion-ion 
interactions in solution. The result of this model is an exponential fall-off in the 
potential with distance from the electrode. This is in contrast to a linear variation in 
potential across the capacitor in the simple parallel capacitor model,  
However, the Gouy-Chapman model does not satisfactorily explain the observed 
variation of the capacitance with potential. The Gouy-Chapman model predicts a 
strong dependence of the capacitance on potential, with a minimum in the capacitance 
corresponding to the potential of zero charge (PZC), which is the electrode potential at 
which there is no net charge on either side of the double layer. The prediction is only 
valid in the vicinity of the PZC, and even then only in the limit of a very dilute 
electrolyte solution. Even greater failings of the Gouy-Chapman model occur at high 
electrolyte concentrations, with the measured capacitance being much smaller than 
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those predicted. Experimentally, double layer capacitance behaves in the way shown in 
Figure 2.2. At either high electrolyte concentration or potential biased from PZC, 
double layer capacitance will reach the value of Helmholtz layer capacitance. The 
reason for this problem is that the Gouy-Chapman model over-emphasizes the diffuse 
nature of the double layer and assumes ions are charges without size. In contrast the 
Helmholtz-Perrin model exaggerates its rigid structure. 
 
Figure 2.2 General behavior of the differential double layer capacitance according to 
the Gouy-Chapman-Stern theory. Cd is double layer capacitance, CH is Helmholtz layer 
capacitance, E is electrode potential. Re-drawn from Ref. [69] 
The next step taken to improve the model of the electrical double layer was to 
combine these two limiting cases. The Stern model [68] allows for some of the charge 
to be located in a plane at a fixed distance from the electrode determined by the 
distance of closest approach of the ions in solution, and simultaneously places the 
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schematic picture of this charge distribution at the interface of a electrified electrode. 
This model predicts a capacitance profile as shown in Figure 2.2. 

















surface H2O molecules 
 
Figure 2.3 The Stern model of the double layer with the counter charge located at the 
outer Helmholtz plane (OHP) and in the diffuse layer [69]. IHP is the inner Helmholtz 
plane. See text for details. 
The locus of the electrical centers of the specifically adsorbed ions is called the 
inner Helmholtz plane (IHP), which is at a distance x1 in Figure 2.3. Solvated ions can 
only approach the electrode to a distance x2, and the locus of these nearest solvated 
ions is called the outer Helmholtz plane (OHP).  
Since the capacitance of an electrified interface in general varies with electrode 
potential E, it is typical to talk in terms of a differential capacitance, C defined by the 
following equation: 





∂=      (2.1) 
where q is total charge at the interface, E is the electrode potential. The term 
“Capacitance” in the following text all refers to differential capacitance unless 
otherwise specified. 
In a simplified view of the Stern model the double layer capacitance can be 
regarded as being composed of two capacitances connected in series; specifically, a 
capacitance associated with the OHP compact charger layer, CH, and that associated 
with the diffuse layer, CD. The total capacitance, Cd, is given by, 
DHd CCC
111 +=      (2.2) 
The beauty of this result is that as the concentration increases and CD becomes very 
large it has a negligible effect on Cd, In other words, at high concentrations the 
interfaces becomes more like the simple parallel plate capacitor, whereas at lower 
concentrations the effects of the diffuse layer become dominant. The Stern model 
adequately accounts for many of the qualitative features seen in capacitance-potential 
measurements.  
2.1.3 Adsorption of Ions on Electrode Surface 
In general, ions in aqueous solution are associated with a hydration shell of water 
molecules [68]. These water molecules can be thought of as forming distinct co-
ordination shells around the ion. The first shell of water molecules is strongly bound to 
the central ion by electrostatic attraction between the ion and the dipole of the water 
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molecule. Similarly, a charged electrode surface is also covered with a layer of water 
molecules and the orientation of the water dipoles will be determined by the sign of the 
excess surface charge on the electrode surface (see Figure 2.3).  
There are two different ways in which ions can be associated with the electrode 
surface, as illustrated in Figure 2.3. Firstly, one can imagine both the ion and the 
electrode surface retaining the first layer of water molecules. In this case the distance 
of closest approach will be defined by the OHP. This situation is referred to as non-
specific adsorption because the interaction between the ion and the electrode is 
electrostatic rather than chemically specific. Secondly, the ion can partially shed its 
sheath of co-ordinated water molecules, displace some of the water molecules from the 
electrode surface and then adsorb directly onto the metal surface. In this case, the 
distance of closest approach is defined by the IHP. This latter situation is also termed 
contact adsorption or specific adsorption, a term which emphasizes its chemically 
specific nature i.e. there is a direct chemical interaction between the adsorbed ion and 
the electrode surface. 
Note that the nature of the double layer can affect the rates of electrode processes 
[69]. If a redox active species is not specifically adsorbed, the closest distance this 
species can approach the electrode surface is OHP. The total potential that the ion 
experiences is less than the potential difference between the electrode and the solution 
by an amount Φ2-ΦS, which is the potential drop across the diffuse layer (Φ2 is the 
potential at OHP, ΦS is the potential of solution) as shown in Figure 2.4. 
 










Figure 2.4 A schematic picture of potential profile across double layer. 
2.1.4 Faradaic Process: Thermodynamics and Kinetics 
When redox active species are present in the electrolyte, processes occur at a 
certain potential in which charges are transferred across the electrode-solution 
interface. This electron transfer causes oxidation or reduction of species in solution to 
occur. Since these reactions are governed by Faraday’s law (i.e. the amount of 
chemical reaction caused by the flow of current is proportional to the amount of 
electricity passed), they are termed Faradaic processes. 
The electrochemical reaction rate is a strong function of potential and thus 
potential-dependent rate constants are required for an accurate description of 
interfacial charge transfer. Let us discuss how the kinetics is typically related to the 
thermodynamics. 
Consider two substances A and B, which are linked by simple unimolecular 
reactions such that 
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           (2.3) 
where kf and kb are the rate constants of the forward reaction and backward reaction 
respectively and have dimensions of sec-1. 
Both elementary reactions are active at all times and the rate of the forward process, 
υf (M/sec) and the rate of reverse reaction, υb are  
Aff Ck=υ      (2.4) 
Bbb Ck=υ      (2.5) 
respectively, where CA and CB are the concentration of A and B respectively. The net 
conversion rate of A to B is 
BbAfnet CkCk −=υ     (2.6) 








k ==      (2.7) 
where K is the equilibrium constant of the overall process. The kinetic theory therefore 
yields a constant concentration ratio at equilibrium. This is expected as any kinetic 
description must yield an equation of the thermodynamic form in the limit of 
equilibrium. For an electrode reaction, thermodynamic equilibrium is further 
characterized by the Nernst equation, which links the electrode potential to the bulk 
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     (2.8) 
where O and R are the oxidized form and reduced form of the electrochemical reaction 
participants respectively, kc and kb are the rate constants for cathodic and anodic 








RTEE O+=                 (2.9) 
where E is the electrode potential, E0’ is the potential when the oxidized form and 
reduced form are in equal concentration and termed formal potential, CO* and CR* are 
the bulk concentrations, R is the gas constant, T is absolute temperature, n is the 
number of electron transfer, and F is the Faraday constant. Any theory of electrode 
kinetics must predict this thermodynamic result for corresponding conditions.  
For electrode reactions, the potential difference can be controlled, and we need to 
understand the precise way in which the kinetic parameters in electrochemical reaction 
(kc and ka) depend on potential. Specifically one can write [69], 
)(0 '0EEnf
c ekk
−−= α      (2.10) 
)()1(0 '0EEnf
a ekk
−−= α      (2.11) 
where f=F/RT, and k0 and α are adjustable parameters called the standard rate constant 
at formal potential and the electron transfer coefficient, respectively. Since the net 
current (i) is 
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here CO(0,t) and CR(0,t) are the concentration at distance x from the surface and at time 
t for the oxidized form and reduced form respectively, we can express a complete 
current-potential characteristic as, 
[ ])()1()(0 '0'0 ),0(),0( EEnfREEnfO etCetCnFAki −−−− −= αα    (2.13) 
At equilibrium, the net current is zero and it is required the electrode adopts a 
potential based on the bulk concentrations of O and R as dictated by the Nernst 
equation. At zero current, 
)()1()( '0'0 ),0(),0( EEnfR
EEnf
O
eqeq etCetC −−−− = αα    (2.14) 




EEnf CCe eq =−     (2.15) 
which is simply an exponential form of the Nernst relation (Equation 2.9). 
Even though the net current is zero at equilibrium, there exists a balanced Faradaic 
activity that can be expressed in terms of the exchange current, i0, which is equal in 





eqeCnFAki −−= α     (2.16) 
or using Equation 2.15, 
αα *)1*(0
0 RO CCnFAki
−=      (2.17) 
The exchange current is therefore proportional to k0 and is often substituted for k0 
in kinetic equations.  
The relationship between the current and the over potential can be related via i0, 














),0(),0(    (2.18) 
where the over-potential is defined as η=E-Eeq. If the solution is well stirred or currents 
are kept low such that the surface concentrations do not differ appreciably from the 
bulk values, then 
[ ]ηαηα nfnf eeii )1(0 −− −=     (2.19) 
which is known as the Butler-Volmer equation. For large negative values of η, 
Equation 2.19 becomes 
ηαnfeii −= 0      (2.20) 
This simple equation neatly summarizes the strong dependence of the electron 
transfer rate on over-potential and electron transfer coefficient α. In this work, the 
relationship between over potential and α will be studied. 
2.2 Electrochemical Impedance Spectroscopy (EIS) 
2.2.1 Introduction 
Conventional electrochemical methods study electrode reactions through large 
perturbations on the system. By imposing potential sweeps (such as cyclic 
voltammetry (CV)), potential steps (such as Amperometry), or current steps (such as 
galvanostatic control), we generally drive the electrode to a condition far from 
equilibrium and observe the response, typically a transient signal. Another approach is 
to perturb the cell with an alternating signal of small magnitude and observe the way in 
which the system follows the perturbation at steady state. These latter techniques have 
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many advantages. Among the most important are a) the ability to make high precision 
measurement because a steady state response can be averaged over a long time, and b) 
the ability to treat the response theoretically by a linearized (or otherwise simplified) 
current-potential characteristic. Since one usually works close to equilibrium, one 
often does not require detailed knowledge about the behavior of the i-E response curve 
over large ranges of over-potential. This advantage leads to important simplifications 
in treating kinetics and diffusion [69]. 
2.2.2 Equivalent Circuit of a Cell 
An electrochemical cell can be treated as an impedance to a small sinusoidal 
excitation and we can represent its response by an equivalent circuit that passes current 
with the same amplitude and phase angle as for the real cell under a given excitation. 
A typical circuit for an ideal cell is shown in Figure 2.5. The parallel elements are 
introduced because the total current through the working electrode interface is the sum 
of distinct current contributions from the Faradaic process if and double-layer charging 
ic. The double-layer capacitance closely resembles a pure capacitance and is 
represented by the capacitor Cd. The Faradaic process must be considered as a general 
impedance Zf. The current must pass through the uncompensated solution resistance 
and Rs is inserted as a series element to represent this effect in the equivalent circuit. 
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2.2.3 Electrochemical Impedance 
The Faradaic impedance Zf has been considered in the literature in various ways. 
Figure 2.8 shows two equivalent representations that have been made. The simplest 
representation is to take Zf as a series combination comprising a series resistance Rseries 
and the pseudo-capacity Cs (see Figure 2.6a). An alternative is to separate a pure 
resistance Rct, which is the charge transfer resistance, from a general impedance, Zw, 
which is the Warburg impedance representing a resistance to mass transfer (see Figure 
2.6b). In contrast to Rs and Cd, which are nearly ideal circuit elements, the components 
of the faradaic impedance Zf are not ideal because they change with frequency ω. A 
chief objective of a faradaic impedance experiment is to discover the frequency 




Figure 2.6 Subdivision of faradaic impedance Zf into (a) Rseries and Cs or into (b) Rct 
and the Warburg impedance, Zw. 
As an example of how the circuits can be related back to chemical information we 
consider below how the exchange current i0 can be found through EIS measurements. 
Measurements are made with the working electrode mean potential at equilibrium. 
Cs
Rseries (a) 
Rct (b) Zω 
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Since the amplitude of the sinusoidal perturbation is small, the current-voltage i-η 
characteristic (Equation 2.18) can be linearized to describe the electrical response to 


















Oη    (2.21) 
0nFi
RTRct =      (2.22) 
Hence the exchange current i0 and therefore k0, can be evaluated when Rct are known. 
Equation 2.22 shows that one can, in principle, evaluate i0 from data taken at a 
single frequency. However, this is not recommended because one has no experimental 
assurance that the equivalent circuit actually mirrors the performance of the system. 
The best way to check for agreement is to examine the frequency dependence of the 
impedance Zf. 
2.3 Electrochemistry and Alkanethiol SAM 
The nature of the electrode surface is a critical factor in determining the 
performance of an electrode. When the electrode surface is coated with a layer of 
organic molecules such as alkanethiol SAM, one can expect any electrochemical 
processes to be significantly affected. Some redox active species and charged ions in 
the electrolyte cannot approach the electrode surface leading to retardation of the 
electron transfer, changes in double layer structure, etc. 
The electrochemical study of SAM coated electrodes has been extensive. Research 
areas include electrochemistry methods to characterize SAM and SAM applications in 
fundamental electrochemistry study. Some highlights of the relevant literature are 
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summarized in the following sections in order to provide background for this research 
work. 
2.3.1 Electron Transfer across Alkanethiol SAM 
The determination of electron transfer kinetic parameters of simple redox 
molecules via electrochemical techniques has been a very active and challenging area 
of research for decades [70-74]. The difficulty in characterizing these redox molecules 
stems from two sources. First, the electron transfer rates can be extremely high, 
making determination of their electron transfer impossible (Most commonly the 
voltammetric response of these facile electron transfer molecules is determined solely 
by the mass transport process). The second difficulty stems from the heterogeneous 
nature of the electrode reaction. The concentration, orientation, and even structure of 
the redox molecule can be greatly distorted when compared with the bulk solution 
species due to the double layer at the electrode surface [75]. Some redox molecules can 
be concentrated at the electrode surface, giving larger apparent electron transfer rates, 
while others are repelled from the interface, resulting in slower observed electrode 
kinetics. These double-layer effects can mask the intrinsic reactivity of the redox 
molecule at a particular electrode. The correction of electrode data for these double 
layer effects is often a difficult and imprecise task [76, 77]. 
The use of a SAM-coated electrode can circumvent these two problems. This is 
because the measurements of kinetic properties of redox molecules at electrodes coated 
with thin insulating films retain much of the information available at bare electrodes 
but with greatly diminished diffusion limitations and double layer effects [78-82]. The 
insulating film decreases the electron transfer rate by increasing the separation between 
the electrode surface and redox-active molecules [83-86]. With this increasing 
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separation, the electronic coupling between the electrode surface and the redox 
molecules decreases rapidly, usually exponentially, allowing one to decrease the 
absolute rate of the electron transfer. Heterogeneous electron transfer reactions of 
facile redox-active molecules which would be too fast to measure at any potential at 
bare electrodes due to diffusion limitations can be slowed to enable easy measurement 
at any potential. Hence, SAM electrodes allow the electron transfer rate vs. electrode 
potential data to be measured and compared with electron transfer theories to obtain 
kinetic parameters describing the intrinsic electron transfer reactivity of the redox-
active molecules [87]. The use of SAMs on electrodes also diminishes double layer 
effects and minimize charging current [87, 88], because the potential redox-active 
species experience is essentially the potential between the electrode and the bulk 
electrolyte. Also specific adsorption is significantly diminished. 
In summary, alkanethiol SAMs behave as nearly ideal electron-tunneling barriers 
whose resistance can be varied simply by controlling the molecular length i.e. the 
number of methylene units within the thiol molecule. For monolayers sufficiently free 
from pinhole defects, in which redox species are effectively blocked from the electrode 
surface, the dominant mechanism of electron transfer is by electron tunneling through 
the monolayer film [88]. 
Previous electrochemical studies of electron transfer across SAM have mostly 
focused on the relationship between the electron transfer coefficient and overpotential 
[82, 86-100], and effective electron transfer barrier height [80, 86, 87, 93-96, 101, 102]. 
Typically previous work was has been done on SAM terminated with redox active 
species or on methyl terminated SAM with redox active species in solution. Both of 
the topics are detailed in the following two sections.  
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2.3.1.1 Electron Transfer Coefficient 
In the Butler-Volmer expression for cathodic and anodic heterogeneous rate 
constants kc, ka, (see Equations 2.10 and 2.11), the transfer coefficient α (symmetry 
factor) is identified with the fraction of the driving force (i.e. the overpotential η, or E-
E°’) which alters the activation barrier height for the electron transfer step [69, 103]. It 
has been long recognized that the Marcus density-of-states model (DOS) predicts that 
α is dependent on overpotential, η [104-106]. The Marcus model is based on the 
integration of the density of donor states with the density of acceptor states with 
respect to energy, such that the electron transfer rate k constant is described by, 
∫= )()(),,()/2( 2 εεηλεπ dfDVk h     (2.23) 
)4/()(2/1 2)4(),,( TkeB BeTkD
ληλεπληλε −−−= m    (2.24) 
1/ )1()( −+= TkBef εε  (cathodic) or 1/)/( )1( −+ TkTk BB ee εε  (anodic)  (2.25) 
where kB is Boltzmann’s constant, ħ is Planck’s constant, D(ε, λ, η) is the density of 
acceptor (-λ for kc) or donor (+λ for ka) states for the redox molecule at the electrode 
surface, f(ε) is the density of donor or acceptor states in the metal electrode, |V|2 is the 
electronic coupling factor (assumed to be independent of energy), ε is the energy at 
which the electron is transferred (referenced with respect to the Fermi energy of the 
electrode), and λ is the reorganization energy of the redox molecule. The integral in 
Equation 2.23 has no analytical solution but can be numerically evaluated. Tafel plots 
generated from Equation 2.23 display curvature with the rate constants reaching a 
limiting value at large over-potentials (eη»λ) as shown schematically in Figure 2.7.  
While some preliminary results on the reduction of nitro compounds on bare 
mercury indicated that the transfer coefficient is potential-dependent [107, 108], it was 
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the development of the alkanethiol SAM system that permitted more definitive tests of 
the predictions of the Marcus DOS model [85, 86, 109]. SAMs effectively inhibit the 
access of electrolyte and redox molecules to the electrode surface. The separation 
between the redox molecules and the electrode reduces the standard rate constant by 
many orders of magnitude as discussed in the previous section. Consequently, it is 
possible to measure rate constants to very large overpotentials, in excess of 1V in some 





Figure 2.7 Schematic representation of the relationship between electron transfer rate 
and the electrode potential predicted by Marcus theory. 
Miller et al. were among the first to explore the use of alkanethiol SAMs in the 
study of heterogeneous electron transfer. In their work, hydroxyl terminated 
alkanethiol SAMs on Au were used and cyclic voltammetry (CV) was the main 
measurement technique. Their emphasis was the electron transfer coefficient [82, 87, 
88, 93, 94]. They found the heterogeneous electro-transfer rates for a series of facile 
redox couples measured at ω-hydroxy alkanethiol SAM coated Au electrodes display a 
pronounced sigmoidal dependence on the electrode over-potential, as predicted by 
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Marcus theory. Reorganization energies and pre-exponential factors for a series of 
redox couples were extracted from current-voltage curves. The data was also analyzed 
using the approach of Bennett [78] to obtain the density of electronic states for the 
oxidized form of these complexes. The density of electronic states was found to be 
well described by Gaussian distributions [94].  
Finklea et al. have also been very active in the field of electron transfer study, 
using both theoretical and experimental electrochemistry of SAM. They studied 
several electroactive SAM with pendant redox centers, such as 
pentaminepyridineruthenium [86, 110]. They found at sufficiently slow scan rates, the 
CVs of the electroactive monolayers are nearly ideal for both SAM diluted with 
methyl terminated thiols and at all coverages of the redox centers. The kinetics of 
electron transfer in the electroactive monolayers were examined by CV and 
amperometry. The Tafel plots were fitted to Marcus theory to obtain the reorganization 
energy for the redox centers, which varied from 0.45eV to 0.7eV and increased with 
increasing chain length. Standard rate constants obtained from intercepts of the Tafel 
plots were primarily determined by the chain length and were independent of the 
terminal group in the diluent thiol. The standard rate constants were found to decay 
exponentially with increasing chain length. The slop of the lnk0 vs. n plot was -1.06 per 
CH2 [86]. In another work, they confirmed that one standard rate constant at formal 
potential and one reorganization energy consistently describes the electron transfer 
kinetics of the majority of the redox centers [89]. More recently, Finklea et al have 
worked on the potential-dependent transfer coefficient and discussed about it 
influences [90-92]. 
The SAM electrode reaction studies of Fawcett et al. focused on the double layer 
structure, especially the role of charge distribution in the reactant on double layer 
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effects and electron transfer [111-113]. EIS is one of the main techniques in their work 
with SAM. In a recent paper, they found the electron transfer coefficient does not vary 
with overpotential [96], in contrast with the other researcher’s findings mentioned 
above [82, 86, 88]. They attributed this discrepancy to the previous work not 
accounting correctly for the double layer effects.  
Creager et al. obtained k0 and λ values by fitting two independent voltammetric 
data sets for two separate ferrocene-containing monolayers [99, 100]. The values were 
in good agreement with those reported by Chidsey et al [85]. 
Murray et al. studied the electron transfer of two ferrocene terminated octanethiol 
monolayers, chemisorbed on Au and Ag electrodes, over a 115-170K range of 
temperatures. An reorganization energy value of 0.95 eV was obtained [98]. 
In our work, a dependence of the transfer coefficient on potential was observed 
with the application of EIS measurements on alkanethiol SAMs adsorbed on gold with 
ferrocyanide/ferricyanide in solution. 
2.3.1.2 Electronic Tunnelling Coefficient 
In order to make useful kinetic measurements at alkanethiol SAM insulated 
electrodes, it is essential to understand the barrier characteristics of the insulating film. 
For adsorbed thiol SAM, the insulating properties can be measured by comparing 
electron-transfer rates to solution redox couples at Au electrodes derivatized with thiol 
SAMs of different thickness. If electron tunneling across the monolayer dominates the 
electron transfer, the reduction current at any potential should decrease exponentially 
with the monolayer thickness [93, 105], 
  deii β−= 0      (2.26) 
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where i0 is the exchange current on the bare electrode, d is the thickness of the 
electrode film, and β is a constant called the electron tunneling coefficient. For a 




m24πβ =     (2.27) 
where m is the effective electron mass, h is Plank’s constant, and V is the height of the 
barrier. Substituting in the values of the constants in Equation 2.27, one obtains 
V025.1=β      (2.28) 
where the barrier thickness (d) is in angstroms and the barrier height (V) is in eV. 
Miller et al. studied barrier heights on ω-hydroxyl terminated alkanethiol SAM 
using conventional cyclic voltammetric methods [88, 93, 94]. At first, the electron 
tunneling barrier was assumed to vary linearly with the formal overpotential of the 
electrode [93]. This assumption allowed the calculation of the density of electronic 
states for the redox molecules using a mathematical formalism developed by Bennett 
[78]. The heterogeneous electron-transfer rate of a redox probe decreased by a factor 
of about 2.5 for each methylene unit. Assuming a 1.25 Å increase in the monolayer 
thickness with each additional methylene group, the equivalent height of the tunneling 
barrier was calculated to be 0.5 eV [93].However, in their later work, an average β 
value of 1.08±0.20 per methylene unit was obtained from the data independent of the 
redox couple and was found to be nearly independent of the electrode potential [88].  
In the work of Finklea et al, the standard rate constants for the mixed monolayer 
were shown by CV to decay exponentially with increasing chain length. A β value of -
1.06 (±0.04) per methylene unit was obtained [86]. 
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Fawcett et al. studied tunneling across alkanethiol SAM with Ru(NH3)63+ in 
solution. β values of 8.3/nm and 8.4/nm were obtained for alkanethiol SAM on Au 
(111) and Au (210) respectively, giving electron tunneling barrier heights of 0.66 eV 
and 0.72 eV respectively [96]. 
Chidsey et al reported a β value of 1.21±0.05 per methylene unit for alkanethiol 
SAM using the indirect laser induced temperature jump method [101] and 0.57±0.02 
for π-conjugated thiol SAM [102]. 
In summary, it has been found experimentally that the electron tunneling constant β 
is independent of redox molecules and electrode potential. The values obtained by 
researchers essentially agree with each other. 
In our work, the advantages of EIS are used to obtain accurate kinetic information 
on the tunneling coefficient and barrier height of electron transfer across alkanethiol 
SAM, thus verifying findings of above mentioned works. 
2.3.2 Double Layer Structure and Potential Distribution 
The structure of the electric double layer present at an electrode/electrolyte 
interface can dramatically affect the rates of heterogeneous electron transfer. For 
electrode potentials positive or negative of the potential of zero charge, a portion of the 
applied potential is dropped within the diffuse layer outside of the plane of 
nonspecifically adsorbed redox species (see Figure 2.8a). This positive or negative 
diffuse-layer potential distorts the concentrations of ionic species within the double 
layer from their bulk values. In addition, the electrode overpotential experienced by 
electroactive species at the OHP is diminished from the applied over-potential by the 
potential within the diffuse-layer [69, 87]. 












Alkanethiol SAM  
Figure 2.8 Schematic representation of potential profile Φ at the interface of a) bare 
gold, b) alkanethiol SAM covered gold. Фgold is gold electrode potential, ФS is bulk 
solution potential 
Heterogeneous electron-transfer data can be corrected for the effect of the diffuse-
layer potentials if the potential can be determined from electrocapillary curves or from 
differential capacitance measurements [115]. The specific adsorption of solution 
species onto the electrode surface and the possible potential dependence of the 
Helmholtz layer capacitance often make these capacitance methods of determining the 
diffuse layer potential a difficult and inexact undertaking [75]. An alternate approach 
is to decrease the magnitude of the diffuse-layer potential. For example, Sears and 
Anson have proposed controlling the concentration of specifically adsorbed anions to 
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balance the positive charge density of Hg electrodes positive of the point of zero 
charge [116].  
A more general approach is to allow a greater portion of the applied electrode 
potential to drop within the OHP by covering the electrode with a thin insulating film, 
for example, an alkanethiol SAM on the electrode surface. The low dielectric constant 
of these hydrocarbon monolayers means that nearly all of the applied potential is 
dropped within the monolayer, resulting in significantly reduced diffuse-layer 
potentials [82]. Thus, in the presence of SAMs, the potential experienced by electro-
active species is very close to the potential across the double layer. This diminished 
double layer effect enables more accurate information about heterogeneous electron 
transfer to be obtained. 
 A quantitative assessment of the double-layer structure of SAM coated electrodes 
is an important step in using SAM insulated electrodes because it allows one to 
calculate the absolute concentration of redox active species at the electrode surface 
from a knowledge of their concentrations in the bulk solution. Once the concentration 
profile of a redox species near the surface of an insulated electrode is known, one can 
extract absolute electron-transfer rates in the same manner that such data are obtained 
at thiol monolayers covalently derivatized with redox centers [85, 86]. 
It is critical to quantitatively determine the potential drop within the monolayer and 
within the diffuse layer. As a first approximation there is no charge between the 
electrode and the surface of the SAM and a linear potential drop occurs between the 
metal surface and the SAM surface, as shown schematically in Figure 2.8b. A more 
detailed theoretical study of double layer structure is given by White et al and an 
analytical expression for the interfacial potential distribution at electrodes coated with 
monolayer was reported [117, 118].  
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Experimentally, cyclic voltammetry has been the main method to study the double 
layer potential structure [82, 117], although the effect of charging currents are difficult 
to exclude. The EIS technique is used in this work to obtain more accurate data. The 
EIS technique can effectively separate the elements of the interface process thus giving 
accurate information on SAM parameters. 
Finally, when SAMs are derivatized with functional groups at the tail end, the 
double layer structure can be more complicated than that of alkanethiol SAMs. The 
potential drop across the double layer can be dramatically affected by the nature of the 
functional end groups. Among the derivatized alkanethiol SAMs, the carboxylic acid 
terminated SAMs have been heavily studied. 
The acid/base properties of surface-confined molecular species are of fundamental 
and practical interest in a variety of diverse chemical phenomena [84, 119-121]. 
Discussions of various factors that influence interfacial acidity have been presented by 
Bain and Whitesides [122] and Creager and Clarke [123]. Some previous work has 
been done to study the surface acidity of carboxylate terminated SAM with 
electrochemical methods [124-132] 
It is believed that the potential profile is affected by the association/disassociation 
behavior of the acid/base end group of a derivatized SAM and the electrochemical 
response can be related to the status of the acid/base end group. It is therefore 
important to undertake experiments which can relate the association/disassociation of 
acid groups of a derivatized SAM (which are essentially excess surface charges) to the 
interfacial capacitance and potential distribution. In this work, the potential profile of 
carboxylic terminated SAMs is studied using EIS techniques and the potential profile 
is proposed. 
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2.3.3 Quality, Defects and Ion Conductivity of SAMs 
Since pinholes and other defects may exist in the monolayer, it has become 
increasingly clear that the characterization of defects, as well as the molecular 
structures, is an important issue which needs to be addressed for many applications 
[133, 134]. Generally speaking, there are two kinds of defects in alkanethiol SAMs: 
pinholes and collapsed sites [109]. Molecules and ions from the electrolyte can reach 
the electrode surface at a pinhole. Collapsed site defects are portions in the SAM with 
disordered structure. At collapsed site defects, ions can approach closer to the 
electrode surface than that expected for a full thickness monolayer. 
Sabatani and Rubinstein studied monolayers of octadecyltrichlorosilane and 
octadecanethiol, and the mixed monolayer of both [135]. They demonstrated that 
monolayers prepared by immersing Au in octadecanethiol solution for 30 min 
contained pinholes and these pinholes could act as ultra-microelectrodes resulting in 
the measurement of very large heterogeneous electron transfer rate constants. Finklea 
et al. also showed in theory and practice that pinholes generated deliberately in the 
monolayer can be regarded as a micro-array electrode [136]. Even at the highest 
fractional surface coverage θ available of 0.9945, there were still peaks in the CV 
curves indicating that θ is not sufficiently high enough to block all diffusion. They 
demonstrated that the behavior of the monolayer coated electrodes conform 
qualitatively to a micro-array electrode with pinhole radii of ca. 0.1 to 10 um and 
pinhole separations of 1-100 um. Porter et al. reported that well assembled 
octadecanethiol monolayers were free of measurable pinholes [137]. Miller et al also 
reported preparation of hydroxyl terminated alkanethiol monolayer without detectable 
defects [93-95]. 
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Sun and Crook studied the pinhole distribution by a combination of Underpotential 
Deposition (UPD) and Scanning Tunneling Microscopy (STM) techniques. They 
observed pinholes with average diameters of ca. 1-5 nm [138]. However, whether the 
features in their STM experiments are true pinholes or artifacts of the STM 
experiments is debatable. By using STM, Kim and Bard also observed defect sites (pits) 
with diameters of several nanometers and an apparent depth of 8±1 Å [139]. They 
believed the pits were pinholes and attributed the anomalously small apparent depth of 
the pits to the difference in tunneling probability between the thiol film and exposed 
Au, i.e. they believed that the STM tip needed to be closer to the thiol monolayer than 
to the exposed Au to produce a given tip current. In addition, they found the thiol 
monolayer could be etched by STM.  
It was thought that the closely packed SAM structure allowed no ions or water to 
penetrate into the film except at those defects of relatively large dimensions. This is an 
important requirement for SAM applications in anti-corrosion, insulating dielectric 
material, etc. This assumption is further reflected in modeling for EIS studies in which 
the alkanethiol SAM is often treated as a capacitor or an ion transport insulator. 
Recently, however, some researchers started suspecting that SAM under 
electrochemical conditions may not be as stable and solid as expected and proposed 
some alternative scenarios. Lennox et al showed that at certain dc potentials, 
alkanethiol SAMs may undergo structure changes so that water and/or ion in the 
electrolyte can penetrate into the film thus causing ion conduction to happen. This ion 
conductivity was monitored by EIS [140-142]. In their work, they found alkanethiol 
structure changes at a relatively small dc overpotential compared to the dc potential at 
which desorption occurs. To model this behavior they use a model for a thin film with 
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defects, in which the defects are represented by a combination of capacitors and 
resistors. 
Fawcett et al. also suspected some penetration of ions into a SAM may exist that 
changes the overall dielectric properties of the SAM, and thus changes the 
electrochemical processes occurring at the interface [111-112]. They suggested that the 
SAM could have a certain ion conductivity and used this to explain the imperfect 
fitting between EIS data and the equivalent circuit model for a good film. 
Clearly, the quality of SAMs, the way SAM interacts with electrolyte and the SAM 
stability at various conditions are critical factors in view of both fundamental study 
and practical application. In this work, we investigate some of these issues, obtaining 
results that are used to clarify the findings of those previous studies. 
2.3.4 Mixed SAMs 
The nanometer-scale mixing behavior of a binary monolayer on metal surfaces is 
extremely important in two respects. Firstly, to elucidate fundamental properties of 
phase transitions in two component monolayers adsorbed in a well-defined two-
dimensional lattice. Secondly, to design desired surface properties at a molecular level. 
Binary SAMs composed of thiols having different chain lengths and/or terminal 
functional groups are particularly attractive in designing and controlling surface 
properties [143]. It has been shown that wetting [144-147], electron transfer [86, 148-
150], and adsorption properties of monolayers [151-154] on metal surfaces can be 
controlled by changing the type and the composition of thiols in the monolayers. 
Two methodologies for preparing mixed monolayers on metal surfaces have been 
reported. One is to form a prescribed two-dimensional pattern on the millimeter to 
micrometer scale using lithography techniques such as UV photolithography [154], 
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UV irradiation [155], microstamping [154, 156], microcontact pinning [157], 
micropens [154], and electron bombardment [157]. Fabrication on the nanometer scale 
by removing a thiol monolayer using an atomic force microscopy (AFM) tip has also 
been reported [158]. 
The other general method is to utilize spontaneous formation of structured mixed 
monolayers on the nanometer scale through adsorption from a binary mixed solution 
[10, 143-147, 159-163], replacement of adsorbed thiols [164], or selective 
electrochemical desorption from a mixed monolayer followed by re-adsorption [165-
168]. 
Contact angle and other macroscopic measurements (e.g. CV) suggested that 
binary monolayers do not phase-segregate into macroscopic islands [10, 146, 169]. In 
contrast, direct measurements at the nanometer scale by scanning probe microscopy 
(SPM) show clear phase separation in many binary systems. Stranick et al. reported the 
presence of nanometer scale domains in two-component SAMs of HS(CH2)15CH3 and 
HS(CH2)15CO2CH3 formed on an gold surface using scanning tunneling microscopy 
(STM) [170]. Recent AFM studies have shown nanometer-scale domains for binary 
thiol monolayers composed of HS(CH2)3CH3 and HS(CH2)17CH3 [171].  
One unresolved issue of mixed SAM formation is that it is not clear whether the 
composition of the mixed SAM is determined by adsorption thermodynamics or 
kinetics. The problem is that there is no suitable analytical method to give accurate 
information of the early stages of mixed SAM formation. To understand adsorption 
thermodynamics of mixed SAM, accurate quantitative information of the composition 
of the SAM is needed. However, thus far the only suitably quantitative method to 
measure the atomic composition of a mixed SAM is XPS. However XPS is not 
sensitive enough, especially when the component thiols of the mixed SAM contain the 
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same functional groups [5]. In electrochemical studies, cyclic voltammetry has been 
used to extract compositional information about a mixed SAM. However, the charging 
current is a problem which limits the accurate determination of the composition [167].  
In this study, EIS is used to characterize a mixed alkanethiol SAMs. There has 
been no previous report of using EIS to obtain composition information of a mixed 
SAM. The EIS measurements give more accurate information on the composition of a 
mixed SAM compared to CV and XPS, thus clarifying some puzzles concerning the 
adsorption and replacement mechanism of the mixed SAM formation. 
2.4 Summary 
In summary, the electrochemistry of SAM has been extensively studied and a 
variety of problems investigated using well established approaches. However, by far 
the greatest experimental effort has been based on cyclic voltammetry and other 
conventional electrochemical techniques and there is a need to study several 
outstanding problems using more sophisticated techniques. Hence, in this study, EIS is 
used as the primary technique to enable a more complete understanding to be obtained 
of problems concerning alkanethiol SAM on gold. Specifically, the following 
electrochemical issues are addressed. 
a) Electron transfer kinetics across alkanethiol SAM. 
b) Double layer structure of alkanethiol SAM coated gold electrodes. 
c) The stability of the SAM under electrochemical conditions. 
d) Characterization of mixed alkanethiol SAM and its formation. 
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1 Chapter 3. Experimental Methods 
3.1 Chemicals 
3.1.1 Alkanethiol 
Dodecanethiol (DDT, CH3(CH2)11SH) (98%) was obtained from Acros and used as 
received. Octanethiol (OCT, CH3(CH2)7SH) (>97%), decanethiol (DCT, CH3(CH2)9SH) 
(>95%), tertradecanethiol (TDT, CH3(CH2)13SH) (>98%), hexadecanethiol (HDT, 
CH3(CH2)15SH) (>95%) and octadecanethiol (ODT, CH3(CH2)17SH) (>95%) were 
obtained from Fluka and used as received. Butanethiol (BTT, CH3(CH2)3SH) (>99%), 
hexanethiol (HXT, CH3(CH2)5SH) (>95%) and 11-Mercapto-undecanoic acid (MUA, 
COOH(CH2)10SH) (95%) were obtained from Aldrich and used as received. 
3.1.2 Other Chemicals 
Ethanol (pro analysis, 99%) used for the preparation of the SAM adsorption 
solution was obtained from Merck and used as received. 
Analytical grade chemicals used were: Potassium hexaferricyanide 
(K3[Fe(III)(CN)6]), potassium hexaferrocyanide (K4[Fe(II)(CN)6]), potassium chloride, 
sodium hydroxide, potassium hydroxide, sodium phosphate, potassium iodide, sulfuric 
acid (98%), hydrogen peroxide, hydrogen perchlorate, pyro-catechol. 
Electrolyte solutions were prepared with Millipore water with a resistivity of 
18.2MΩ·cm (Millipore system).  
All glassware were cleaned by boiling in 50% HNO3 and rinsed with Millipore 
water thoroughly before use.  
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The Gold target (99.999%) and Cr target (99.99%) for sputtering gold substrate 
onto a silicon wafer were obtained from Goodfellow. The gold wire (99.999%) for 
evaporation of single crystal Au (111) substrate onto mica was obtained from 
Goodfellow. 
3.2 Gold Substrate Preparation 
3.2.1 Polycrystalline Gold (111) 
Polycrystalline gold substrates were prepared on Si (100) wafers by sputtering a 
200nm gold film on top of a 50Å Cr adhesion layer. The vacuum base pressure is ~10-6 
Torr, the deposition power on the cathode is 250 W (500V × 500mA) and the 
sputtering time is typically 10s for the Cr deposition and 5min for the gold deposition. 
The gold surface obtained by this sputtering method is mainly (111) orientated [172]. 
The silicon (100) wafer used as the gold deposition substrate was cut into 
1cm×1cm pieces. Before deposition of gold, these silicon pieces were cleaned by 
firstly boiling in 50% nitric acid, then ultra-sonicating in the sequence water, ethanol, 
water, acetone and water, then dipping in 1% HF for 30s to remove the silicon oxide 
residue, then rinsing with Millipore water, and finally dried with N2. 
3.2.2 Cylindrical Gold Electrode 
A cylindrical gold wire electrode embedded in a Teflon tube was also used as a 
working electrode in some experiments. The wire diameter is 4mm. Before use, the 
wire electrode was polished on a polishing cloth with alumina slurry in the sequence of 
1µm, 0.3µm and 0.05µm slurries, and then sonicated in Millipore water and then 
ethanol for 3 minutes, and finally blow dried in N2. 
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3.2.3 Single Crystal Gold (111) 
Au(111) on mica was prepared by the epitaxial growth of 100-150 nm gold films 
onto freshly cleaved mica sheets (Nilaco CO.) in an evaporation vacuum chamber 
(BIEMTRON Co. Ltd., Ibaraki, Japan). The evaporator chamber was baked at 120 °C 
overnight to fully remove organic material in the chamber before evaporation. The 
mica substrates were prepared by carefully cleaving such that the surface was clean 
and smooth. Prior to deposition, the mica was heated at 550ºC for 3 hours. Depositions 
were carried out at a rate of 1 Å/s (as monitored by a Quartz Crystal Microbalance 
(QCM)) and a substrate temperature of 550 °C under a vacuum pressure of 10-7-10-8 
Torr. After deposition, the substrates were annealed at 350 °C for ~3 hours followed 
by a slow cooling down. This procedure produced an atomically flat Au(111) surface 
with single-crystal grains measuring 500-1000 nm in diameter. Figure 3.1 shows STM 
images of the Au(111) prepared on mica in this work. In the image on the left, atomic 
height terraces are visible. In the image on the right, atomic resolution of gold atoms is 
visible. 
 
Figure 3.1: STM images of Au(111) evaporated on mica. Imaging conditions: (a) 
Vbias=200mV, It=500pA, scan rate: 10Hz, (b) Vbias= 200mV, It=1nA, scan rate: 48Hz. 
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3.3 Monolayer Preparation 
Before monolayer preparation, the gold substrates on silicon (100) were cleaned by 
immersing in newly prepared hot Piranha solution (H2O2 (30%): H2SO4(98%)=1:3) for 
10 seconds followed by immersion in room temperature Piranha solution for 15 
minutes, and finally thoroughly rinsed with Millipore water and ethanol. A monolayer 
was formed by immersing the substrates in 1mM alkanethiol ethanolic solution for 24 
hours after which the substrates were rinsed 5 times with ethanol and water and dried 
in N2 before being assembled for measurements.  
For Au(111) prepared by the evaporation method, the substrates were immersed 
into 1mM alkanethiol ethanolic solution immediately after being taken out from the 
evaporator chamber to avoid oxidation and contamination in air.  
For mixed monolayer preparation, the adsorption solutions with total alkanethiol 
concentration of 1mM were prepared using 50mM solutions of each individual 
component alkanethiol. Gold substrates were immersed in this solution of mixed 
composition for 24 hours, unless otherwise stated, before use in the experiments. 
3.4 Electrochemical Measurements 
3.4.1 Potentiostat 
Most electrochemical measurement such as Cyclic Voltammetry (CV), 
Amperometry and Electrochemical Impedance Spectroscopy (EIS) were carried out 
with a Gamry PC4/300 potentiostat and Electrochemistry Software Version 3.11. The 
Gamry PC4/300 potentiostat is a PC based instrument with very high current 
resolution.  
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The major specifications of the Gamry PC4/300 potentiostat are:  
Control Amplifier 
 Output Current:  >±300mA 
Differential Electrometer:  
 Input Impedance:  >1012 Ω in parallel with 5pF 
Voltage measurement  
 Voltage Measurement: ±30µV 
Current measurement 
 Analog full scale ranges: ±3nA to ±300mA in decades 
3.4.2 Electrochemical Cell 
Figure 3.2 shows a schematic picture of the Teflon electrochemical cell used in this 
thesis. The SAM samples were fixed to the bottom of the Teflon cell with Teflon 
screws. The electrical contact with the sample was established using a copper wire. 
The geometric areas of electrode exposed to the solution are defined by the rubber O-
ring used and are around 0.3 cm2. A long coiled platinum wire or a platinum mesh with 
large surface area were used as the counter electrode. Usually, a Ag/AgCl (3M NaCl) 
electrode was used as a reference electrode. However, in some measurements in the 
presence of redox-active species, platinum wire was also used as a pseudo-reference 
electrode to minimize contamination. All the potentials are referred to Ag/AgCl (3M 
NaCl) unless otherwise specified. 
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Figure 3.2 The Teflon electrochemical cell used for CV and EIS measurement in this 
work. 
The actual surface area of the gold electrode exposed to solution was determined 
by chronoamperometry [173] using 6mM K3[Fe(III)(CN)6] in 1M KCl electrolyte 
solution. The potential was set at 0.5V where there is no electrochemical reaction then 
the potential was stepped to -0.4V. Under conditions of linear diffusion to a planar 






DnFACi π      (3.1) 
where D is the diffusion coefficient of the  redox active species K3[Fe(III)(CN)6] in 
1M KCl and C is the K3[Fe(III)(CN)6] concentration in bulk solution. t is the time from 
the start of the potential stepping. Using an experiment time t=20s and D=0.763×10-5 
cm2s-1 [173] the actual surface area (A) was found. Typically the area is ~0.3 cm2 
depending on O-ring used. 
A conventional glass electrochemical cell was also used in measurements using the 
cylindrical gold wire sample. The cylindrical gold electrode was used as the working 





O-ring seal  
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electrode and Ag/AgCl (3M NaCl) was used as the reference electrode, with a 
platinum wire was used as the counter electrode. 
All measurements were carried out at room temperature. Typically, solutions were 
purged of oxygen by bubbling with argon for 30 minutes unless otherwise specified. 
For hydrogen evolution experiments, the solution was saturated with H2 by bubbling 
with H2 for 15 minutes. For some oxygen reduction measurements, the solution was 
intentionally saturated with O2 by bubbling with O2 for 15 minutes. 
3.4.3 Cyclic Voltammetry (CV) 
The Gamry PC4/300 potentiostat is a digital based instrument and the voltage 
changes during a CV cycle are actually a continuous voltage staircase with a bit 
resolution of 2mV. In this work the scanning rate was usually between 2-100mV/s, 
within this moderate scan rate range, the system gives the same response with that of 
an analog potentiostat. 
Normally, before each CV scanning, the open potential of the electrochemical 
system was monitored and the CV potential scan was started only after the open 
potential has stabilized. This ensured the electrochemical system has reached a stable 
status. The starting potential of the CV scan was usually set at values such that there is 
no electrochemical reaction taking place. In a few experiments (noted in the text) this 
procedure was changed and the working electrode potential was held at fixed initial 
potentials for a certain time before CV scanning was started.  
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3.4.4 Electrochemical Impedance Spectroscopy (EIS) 
 
Figure 3.3 A Lissajous figure showing the voltage excitation signal and resulting 
current response of a typical electrochemical system. 
For EIS, the Gamry potentiostat was used to apply both a dc potential and a small 
superimposed ac excitation to the working electrode immersed in solution, as shown in 
Figure 3.3. In most EIS experiment, the ac current and ac potential are measured as the 
frequency of the excitation is varied over a very wide range (often 6 decades or more).  
The cell voltage and current are then converted into a complex impedance.  Unlike 
impedance measurement in most other fields, electrochemical impedance systems also 
have to measure the dc current and potential.  
Analysis of a complex impedance versus frequency curve can yield information 
that is not easily or accurately available from other electrochemical techniques.  EIS is 
very useful in evaluations of coatings, analysis of electrochemical mechanisms and 
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rates, and evaluation of battery performance.  Mass transfer limited systems have a 
well-defined EIS behavior that can be separated from kinetically controlled behavior.   
EIS data is commonly analyzed by fitting to an equivalent electrical circuit model.  
Most of the circuit elements in the model are common electrical elements such as 
resistors, capacitors, and inductors. The analysis tries to find a model in which the 
impedance matches the measured data.   
The type of electrical components in the model and their interconnection controls 
the variation of the model impedance with frequency.  The model parameter values 
(e.g. the resistance value of a resistor) control the magnitude of each feature in the 
impedance spectrum.  Both of these factors affect the degree to which the model’s 
impedance frequency spectrum matches a measured EIS spectrum. Each of the model 
components is postulated to arise from a physical process in the electrochemical cell.   
The EIS measurements were usually performed at the formal potential of the 
redox-active species or the open potential of the electrolyte. As in the case of CV 
measurements, the open potential was also monitored before measurements to ensure 
system stability.  
In the electron transfer resistance measurements of this work, the dc potential was 
varied negatively from the formal potential of [Fe(CN)6]3-/4-, E0’, down to –0.7V versus 
E0’ in 50mV steps. A 5 mV rms amplitude sine wave was applied to the electrode 
under potentiostatic control after 5 minutes of precondition at the dc potential used and 
the impedance data were collected at frequencies from 100 kHz to 0.2Hz. The 
impedance data were analyzed by a Complex Nonlinear Least Square (CNLS) fitting 
of the data to an equivalent circuit. This software routine is available in the Gamry EIS 
Data Analysis Version 3.11. Initial estimated values for circuit elements were usually 
input to facilitate fittings. 
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3.4.5 STM and Electrochemical STM 
STM is a powerful technique to image surfaces and absorbed species with atomic 
resolution. Significantly, STM studies can also be done under electrochemical 
conditions. This allows atomic scale imaging of metal surface and absorbed ions under 
electrochemical control, enabling the direct visualization of surface reconstructions, 
anion adsorption, etc. as a function of potential. 
In this work, the STM measurements were performed with a Nanoscope E (Digital 
Instrument) in constant current mode at room temperature. Electrochemical STM 
measurements were carried out within a Teflon cell, with the Au (111) on mica sample 
attached to the cell with an O-ring and Teflon screws (see Figure 3.4). The STM tips 
were polycrystalline W wire, electrochemically etched in 1.0 M NaOH using an ac 
voltage of about 17 V between the W wire and a Pt counter electrode wire. In 
electrochemical STM measurements, the etched STM tips were coated with nail polish 
except over the tip apex to reduce the faradaic current during operation. A Pt wire was 
used as a pseudo-reference electrode during the in situ STM measurements. However, 
all potentials cited have been converted to a Ag/AgCl (3M NaCl) reference unless 
stated otherwise. A thicker platinum wire was used as a counter electrode. 
The potentials in this system are controlled by a bi-potentiostat system so that the 
voltage of the scanning probe can be separately controlled. 
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1 Chapter 4. Electrochemical Study of Alkanethiol 
SAM 
As discussed in Chapter 2, the spontaneous self-assembly of alkanethiol on gold 
provides a convenient technique by which compact monolayers with well-defined 
composition, structure and thickness can be prepared. The separation between the 
redox-active molecules and the electrode reduces the standard rate constants for 
electron transfer by many orders of magnitude. Heterogeneous electron transfer 
reactions of particularly facile redox molecules, which would be too rapid to measure 
at any potential on bare electrodes due to diffusion limitations, can be slowed and 
readily measured at any potential within the voltammetric window of the monolayer 
coated electrodes. Double layer effects and adsorption problems are also significantly 
diminished. The electron transfer rate versus electrode potential data can then be 
analyzed and compared with electron transfer theories to obtain kinetic parameters 
describing the intrinsic electron transfer reactivity of the redox molecule [88]. 
In this chapter, the results of EIS measurements to study electron transfer and 
interfacial potential distribution is presented in this chapter. Results include the 
electron transfer coefficient α, from which Marcus charge transfer theory is verified, 
the electronic tunneling barrier coefficient β, and double layer structure at the interface 
of methyl terminated and carboxylate terminated alkanethiol SAM. 
4.1 Electron Transfer Coefficient 
The Butler-Volmer equation (Equation 2.19) is usually used to describe the 
relationship between electron transfer rate and electrode potential. To re-iterate, when 
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there is no mass transfer effect and at sufficiently large over potential, the Butler-
Volmer equation takes the form of Equation 2.20 [69] 
ηαnfeii −= 0       
where i is the redox current, i0 is the exchange current at formal potential, n is the 
electron transfer number, η is the over potential (E-E0’),  f is F/RT and α is the electron 
transfer coefficient. 
Equation 2.20 can be used for an electrochemical system in which the 
electrochemical reaction rate is determined by electron transfer kinetic factors, not 
mass transport. At large over-potential, (i.e. in the case of thiol on Au at large negative 
potential) and for small changes in over-potential η, Equation 2.20 can be rewritten as, 
α
ηαnfeRR 0=      (4.1) 
or 
αηα lnlnln 0 −+= nfRR     (4.2) 
where R is a measured resistance obtained by fitting the impedance data to the Randles 
model and R0 is the electron transfer resistance at the formal potential of the 
electrochemical system used. Equation 4.2 will be used to extract the value of α. The 
Randles model is a simple and common equivalent circuit model for electrochemical 
cells. The circuit model is shown in Figure 4.1. It includes a solution resistance, a 
double layer capacitance and a charge transfer or polarization resistance. In addition to 
being a useful model in its own right, the Randles cell model is often the starting point 
for other more complex models. 
 













Figure 4.1: The circuit model (Randles model) used to fit the impedance data. Rs, R, 
CPE and W are the solution resistance, resistance derived from Equation 4.1, constant 
phase element and Warburg impedance respectively. 
For reference, Figure 4.2 shows cyclic voltammograms of bare gold and 
dodecanethiol SAM covered gold in electrolyte containing redox active species. The 
CV of bare gold in 2mM K3[Fe(CN)6]/K4[Fe(CN)6] shows a typical peak shaped curve. 
It can be seen that both the curve shape and current magnitude change significantly 
when the gold is covered with a SAM. There are no more current peaks in the CV of 
dodecanethiol SAM covered electrode and the current magnitude change in an 
exponential way. This indicates that the electron transfer between the electrode and 
redox active species slows down significantly to an extent that the kinetics of the 
whole electrochemical reaction is controlled by the electron transfer rate for the SAM 
covered electrode [82, 86]. 
Also note the redox current is very small for the dodecanethiol SAM coated 
electrode, thus making it difficult to measure the current at low over-potential and to 
eliminate double layer charging currents [87, 88]. As discussed in Chapter 2, the 
problems can be circumvented using EIS. 
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4.1.1 Cyclic Voltammetry Results 
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Potential/V vs formal potential
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Figure 4.2: Cyclic Voltammogram of 2mM K3[Fe(CN)6]/K4[Fe(CN)6] with 1M KCl as 
supporting electrolyte on (a) bare gold, (b) dodecanethiol SAM covered gold electrode. 
The gold sample was prepared by sputtering. Scan rate =100mV/s. 
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4.1.2 Electrochemical Impedance Spectroscopy (EIS) Results 


































Figure 4.3: Nyquist plots of dodecanethiol SAM coated gold in 2mM 
K3[Fe(CN)6]/K4[Fe(CN)6] with 1M KCl as supporting electrolyte at various dc 
potentials as indicated in the plot. The gold sample is prepared by sputtering. The 
potential are referred to the formal potential of the electrolyte (260mV vs. Ag/AgCl). 
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Figure 4.3 shows impedance spectrums in the Nyquist format for a dodecanethiol 
SAM covered gold electrode in redox active species at various dc potentials. AC 
voltage frequencies vary from 1×106 Hz to 0.02 Hz and these ac signal frequencies are 
the same in the following work unless otherwise stated. The curves deflect further 
downwards with increasing negative potential, indicating that the resistance decreases 
with increasing negative over-potential, as expected from Equation 4.1.  
The Randles model (Figure 4.1) was used to fit the impedance data. The model was 
slightly modified in this work, a constant phase element (CPE) is used instead of a 
capacitor. This is to account for roughness on the solid electrodes [174]. The fitted 
parameters are listed in Table 4.1 and as expected R decreases with dc potential in 
accordance with Equation 4.1. Obviously, here R is not directly related to electron 
transfer rate. 
Table 4.1: Parameters obtained from fitting the impedance data of Figure 4.2 to the 
Randles model. For reference, values of the other circuit components are Rs=10Ω. 
 
E/V vs. formal 
potential 
R/KΩ C/µF φ  α 
-0.2 826±22 0.561±0.02 0.997±0.01 0.306 
-0.25 504±10 0.560±0.02 0.997±0.02 0.298 
-0.3 291±5 0.561±0.02 0.997±0.02 0.296 
-0.35 179±3 0.561±0.02 0.997±0.02 0.291 
-0.4 112±1 0.560±0.02 0.997±0.02 0.286 
-0.45 74.2±0.9 0.560±0.03 0.997±0.02 0.279 
-0.5 49.1±0.5 0.558±0.03 0.996±0.02 0.273 
-0.6 27.7±0.3 0.555±0.03 0.995±0.02 0.255 
-0.7 21.1±0.2 0.553±0.03 0.994±0.02 0.233 
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Figure 4.4 is a plot of the logarithm of the resistance R versus over-potential. The 
resistance R cannot be directly related to the electron transfer rate because for EIS this 
can only be obtained at the formal potential [69]. However, we can still use Equation 
4.2 to obtain accurate values of the electron transfer coefficient α. For this redox 
reaction, the electron transfer number (n) is 1 and ln R0=14.83 as measured at formal 
potential of 2mM K3[Fe(CN)6]/K4[Fe(CN)6] in 1M KCl. The data of Figure 4.4 is 
nearly straight over the potential range from –0.2V to –0.4V and the intercept of this 
linear section with the lnR axis yields an α value of 0.52 at 0V which is in good 
agreement with the expected theoretical value of 0.5 [69, 87-92].  











Potential/V vs formal potential
 
Figure 4.4: Plot of the logarithm of R against dc over-potential. The values of R are 
obtained from the fittings of the impedance data in Figure 4.2 to the Randles model in 
Figure 4.3. 
From the slope of the linear section, an α value of about 0.3 was obtained which is 
reasonable over the -0.2 to -0.4V potential range. The α values at each dc potential can 
also be obtained using Equation 4.2 directly. These values are listed in Table 4.1 and a 
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plot of α against over-potential is presented in Figure 4.5. It can be seen that α 
decreases with over-potential. This trend is in agreement with the predictions of 
Marcus theory [104-106] and other electrochemical studies [86-92]. 






















Potential/V vs formal potential
 
Figure 4.5: Plot of electron transfer coefficient α against over-potential, where α is 
obtained from Equation 4.2 with lnR0=14.83. 
4.2 Electron Tunneling Coefficient 
In order to make useful kinetic measurements at insulated electrodes, it is 
important to understand the barrier characteristics of the insulating film. For 
alkanethiol SAM, the insulating properties can be measured by comparing electron 
transfer rates across SAM of different thickness. It has been shown that if electron 
tunneling occur across the monolayer, then the redox reaction rate at any potential 
should decrease exponentially with monolayer thickness according to [93, 105],  
deii β−= 0      (4.3)  
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dekk β−= 0      (4.4) 
where i0 is the current measured at a bare electrode, β is the electron tunneling 
coefficient, d is the thickness of the monolayer film. k is the electron transfer rate 
constant, and k0 is the electron transfer constant at a bare electrode. β is usually 
measured by varying the thickness of the insulating layer and measuring the change in 
the heterogeneous electron transfer rate of a redox couple in solution at a given 
potential by cyclic voltammetry [80, 86, 93-95].  
As discussed in Chapter 2, there are some intrinsic shortcomings with cyclic 
voltammetry which prevent it from providing accurate information about electron 
transfer kinetics. To overcome the problem of cyclic voltammetry we have used EIS to 
measure electron tunneling transfer properties on a series of alkanethiols of different 
lengths. The results are summarized in Figures 4.6 and 4.7.  
To model the EIS data we again use the Randles model (Figure 4.1) but with the 





d eeRR −= 0      (4.5) 
dnfRR βαηα −=+−− lnlnln 0     (4.6) 
where R0 is the electron transfer resistance of the bare electrode at formal potential. In 
this model we assume α at a given dc potential does not change with the distance 
between the redox-active species and the electrode surface (d), as given by Marcus 
theory [104-106].  
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Figure 4.6: lnR vs. the number of methylene units in the alkanethiol. EIS 
measurements were carried out in 2mM K3[Fe(CN)6]/K4[Fe(CN)6] with 1M KCl as 
supporting electrolyte at various dc potentials (vs. formal potential) as indicated in the 
figure. 
Figure 4.6 shows lnR versus the methylene units in alkanethiol at a series of dc 
potentials. The data shows the exponential change in R with separation d, as expected 
from Equation 4.5. This data was obtained by fitting EIS spectra to the Randles model. 
The errors shown here are for values of lnR calculated for separate experiments, with 3 
to 5 experiments done for each different SAM. The errors are large because even 
minor variations in the preparations of samples can result in significant differences in 
the insulating properties of the alkanethiol SAM. A small number of defects (e.g. pin 
holes) can affect the electron transfer significantly since the difference between the 
electron transfer rate on a bare gold surface and on the SAM surface varies 
exponentially. The electron tunneling coefficient can be obtained from the slopes of 
lnR against SAM thickness. Figure 4.7 shows the plot of β vs. electrode potential. The 
α values at large over-potentials are not very reliable and only β values at potentials 
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from 0V to -0.4V are presented. We find that β≈0.9 per methylene unit, which from 
Equation 2.25 gives an effective barrier height of V≈0.67eV. This barrier is consistent 
with that reported by other researchers [80, 88, 93-96, 101, 102]. Note that we assume 
a 1.27Å increase in alkane chain length with each methylene group and an average tilt 
angle of alkane chain to be 30° [88]. 




















Potential/V vs formal potential
 
Figure 4.7: Plot of the tunneling coefficient β (per methylene unit) vs. the electrode 
potential. β was obtained from the slope of the plots in Figure 4.6. 
Figure 4.7 shows that the tunneling coefficient has a constant value around 0.9 and 
within experiment error does not change with dc potential. This result verifies the 
independence of the tunneling barrier on the electrode and is in agreement with both 
the theoretical basis of Marcus theory and some other researcher’s experimental work 
[88, 93, 96].  
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4.3 Potential Profile at the Interface of Alkanethiol SAM 
4.3.1 Potential Profile of Bare Electrode 
























Figure 4.8: Cyclic voltammogram of bare gold in 2mM K3[Fe(CN)6]/K4[Fe(CN)6] with 
(a) 0.1M KCl, (b) 1M KCl as supporting electrolyte. Scan rate: 100mV/s 
As discussed in Section 2.1.2 double layer effects can strongly influence 
electrochemical measurements. In cyclic voltammetry, the peak separation reflects the 
speed of electron transfer rate [175]. According to the Nernst equation, the peak 
separation for a totally reversible one-electron transfer process should be 59mV in a 
diffusion controlled electrochemical process. However, in standard CV measurements 
this value cannot be achieved, irrespective of how the electrodes are prepared and 
cleaned. For example, Figure 4.8 shows the peak separation is around 70mV for the 
reduction/oxidation of K3[Fe(CN)6]/K4[Fe(CN)6] in 1M KCl solution on bare gold. 
Furthermore, for the same system in 0.1M KCl supporting electrolyte the peak 
separation is around 90mV, indicating electron transfer is slower in more dilute 
supporting electrolyte.  
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The important aspect of this data is that even at the same electrode potential, redox 
species may not have the same electron transfer kinetics in supporting electrolyte of 
different concentration because the potential profile changes with electrolyte 
concentration. Figure 4.9 is a schematic picture of the potential profile across the 
diffuse layer for electrolyte of two different concentrations. The potential profile is 
steeper in electrolyte of high concentration. Thus the potential a redox active species 
experiences is closer to the measured potential between electrode and solution in a 1M 
KCl compared with a 0.1M KCl solution. To minimize double layer effects, a high 
concentration of electrolyte is preferred. Double layer effects must be taken into 
account when evaluating the data obtained. 
The metallic electrode is a good conductor and supports no electric fields within 
itself at equilibrium. Any excess charge resides strictly at the interface. Consequently 
there will be counter charge in solution and this is not necessarily confined to the 
surface. At low concentrations of electrolyte, one has a solution phase with a relatively 
low density of charge carriers, it may require a significant “thickness” of solution to 
accumulate the excess charge needed to counterbalance the charge on the electrode, 
and this thickness is called diffuse layer. For dilute aqueous solutions (dielectric 
constant 78.5, T=25ºC), the inverse thickness of the diffuse layer (κ) can be described 
by [69], 
2/17 )1029.3( ∗×= zCκ     (4.7) 
where C* is the bulk electrolyte concentration in M, z is the charge of electrolyte ion 
and κ is given in cm-1. The reciprocal of κ characterizes the spatial decay of the 
potential and can be regarded as a characteristic thickness of the diffuse layer. 
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Typically, a 1M 1:1 electrolyte has a diffuse layer of thickness ~3Å, whereas a 0.1M 
1:1 electrolyte has a thickness of ~10Å. 
 
 
Figure 4.9: A schematic showing the trend in potential profile through the solution side 
of the double layer for two concentrations of supporting electrolyte. Ф is the potential 
of the solution side and x is the distance to the electrode surface. 
The Gouy-Chapman-Stern model describes the total double layer capacitance (Cd) 
as a series network of the Helmholtz layer and the diffuse layer capacitances that is 
(Equation 2.2) 
DHd CCC
111 +=      (4.8) 
The total double layer capacitance for electrolyte of given concentration at a given 
electrode potential can be written [69]: 
)5.19cosh(228 0
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in which Φ0 is the potential drop across the solution side of the double layer.  


















Figure 4.10: Nyquist plots of bare gold in 2mM K3[Fe(CN)6]/K4[Fe(CN)6] with ○ 
0.1M KCl, ● 1M KCl as supporting electrolyte. 
In EIS measurements, double layer effects are more clearly resolved. For example, 
Figure 4.10 shows EIS data (in Nyquist format) of the reduction/oxidation of 
K3[Fe(CN)6]/K4[Fe(CN)6] on bare gold with 0.1M KCl and 1M KCl as supporting 
electrolyte. The difference in electrochemical behavior in electrolyte of different 
concentrations is significant and obvious. The electron transfer resistance and the 
solution resistance are quite different for the two electrolyte concentrations. The 
Randles (see Figure 4.1) model was used to fit the data in Figure 4.10. The fitted data 
for various concentrations of KCl are listed in Table 4.2. The electron transfer 
resistance decreases with increasing concentration of supporting electrolyte. This is 
because the potential difference that the redox active species experiences in 0.1M KCl 
is smaller than in 1M KCl i.e. the potential profile across the diffuse layer is less steep 
Chapter 4. Electrochemical Study of Alkanethiol SAM 
 68
compared with the more concentrated solution. This is readily understood because the 
diffuse layer is thicker in a supporting electrolyte of lower concentration according to 
Equation 4.7. This effect is evident in Table 4.2 as a decrease in double layer 
capacitance with decreasing concentrations. The double layer capacitance is ~3 times 
higher in 1M KCl than in 0.1M KCl. 
Table 4.2: EIS measurements results for bare gold in 2mM K3[Fe(CN)6]/K4[Fe(CN)6] 
with supporting electrolyte of various concentrations at formal potential. 
KCl concentration, M 0.1 0.3 0.5 0.8 1.0 
Electron transfer resistance, Ω 55 37 28 20 12 
Capacitance, µF 56.2 107 151 194 222 
Solution resistance, Ω 28.0 16.9 12.8 6.7 5.3 
 
4.3.2 Potential Profile of the Interface in the Presence of Inert 
Alkanethiol SAM 
When the electrode is covered with alkanethiol SAM, the double layer behavior is 
very different from bare gold. EIS measurements in supporting electrolyte of various 
concentrations were performed on SAM covered electrodes. It was found that the data 
curves for 0.1M KCl and 1M KCl basically overlap. In Figure 4.11, EIS data for 
dodecanethiol SAM covered gold in 0.1M KCl and 1M KCl are presented. 
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Figure 4.11 Nyquist plot of dodecanethiol SAM covered gold in 2mM 
K3[Fe(CN)6]/K4[Fe(CN)6] with ● 0.1M KCl, ○ 1M KCl as supporting electrolyte. 
Table 4.3: Dependence of capacitance and electron transfer resistance on electrolyte 
concentration for a dodecanethiol SAM covered gold in KCl solution. 
Electrolyte 
concentration, M 
0.1 0.3 0.5 0.8 1 
Electron transfer 
resistance, MΩ 
2.27 2.32 2.25 2.14 2.21 
Solution 
resistance, Ω 
27 17 13 7.1 5.0 
Double layer 
capacitance, µF 
0.601 0.603 0.603 0.603 0.603 
 
 
Table 4.3 lists the fitted EIS data of dodecanethiol SAM in various concentrations 
of KCl. The fitting model is the same as that in Figure 4.1. Note the basic overlap of 
the 0.1M KCl and 1M KCl data (Rct and Cd) in contrast to that of the bare gold (Figure 
4.10). Repeated measurements show the differences in capacitance and electron 
transfer resistance for 0.1M KCl and 1M KCl solutions are smaller than 1%, which is 
the measurement error. This shows that in the presence of SAM, the concentration and 
Chapter 4. Electrochemical Study of Alkanethiol SAM 
 70
composition of the electrolyte do not affect the double layer capacitance and the effect 
of the diffuse layer on the potential can be neglected. Redox active species undergoing 
electron transfer at the surface of the SAM experience essentially the same potential as 
that measured between the electrode and the bulk solution. This statement, that the 
potential profiles are not affected by the concentration of supporting electrolyte, is of 
course valid for a certain concentration range and to alkanethiol of sufficiently large 
thickness. We also note that for the alkanethiol SAM system there is no specific 
adsorption i.e. there are no adsorbed charge species to influence the potential profile. 
Similarly, considering the impedance at a finite frequency, most potential will drop 
across the smallest capacitor for a capacitor network connected in series. Again, Table 
4.3 shows that the capacitance for the SAM electrode is two orders of magnitude 
smaller than that of the bare electrode (see Table 4.2). The total interfacial capacitance 
is essentially determined by the SAM. We can observe this by modeling on the 
dependence of the capacitance on the SAM thickness. The double layer capacitance 
(Cd) is a series network of the capacitance of the alkanethiol SAM (CSAM) and the 
diffuse layer adjacent to the SAM (CD), described by, 
DSAMd CCC
111 +=      (4.10) 









=      (4.11) 
where εSAM is the relative dielectric constant of the SAM, ε0 is the permittivity of free 
space. The thickness of the alkanethiol SAM (dSAM) can be described by [176] 
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)cos()1027.1( 10 θCSAM nd −×=     (4.12) 
in which nC is the number of carbons in the alkane chain, 1.27×10-10m is the distance 
between adjacent carbons in a fully extended methylene chain, and θ is the tilt angle of 
the hydrocarbon chain with respect to the surface normal and for alkanethiol SAM on 
gold is ~30º.  
Figure 4.12 is a plot of the experimental inverse capacitance against the methylene 
units of the alkanethiol. This plot shows a good linear relationship between chain 
length and the inverse total capacitance for solutions with 1M KCl as supporting 
electrolyte. This indicates the total capacitance is dominated by the SAM component 
(CSAM) and the diffuse layer term (CD) can be ignored. This conclusion is less accurate 
for short chain alkanethiols in low concentration electrolytes, for which the diffuse 
layer capacitance may begin to become significant. This effect is observed in the low 
concentration data of Figure 4.12 as a slight deviation of the curve at chain lengths 
shorter than hexanethiol. 
For completeness we note that the slope of the best-fit line through the data in 
Figure 4.12 corresponds to a dielectric constant of εSAM=2.1 for the hydrocarbon 
portion of the monolayer (calculated with Equation 4.11). This value is similar to that 
of εSAM=2.1 measured in situ with surface plasmon resonance for alkanethiols on gold 
[60] and also compares well to the value of 2.30 for polyethylene [177].  
 









0 2 4 6 8 10 12 14 16 18 20









Figure 4.12: Reciprocal capacitance of the double layer vs. number of methylene units 
in the alkanethiol. The capacitances were obtained with EIS in 2mM 
K3[Fe(CN)6]/K4[Fe(CN)6] with 1M KCl as supporting electrolyte at formal potential. 
In our work, EIS measurements gave very repeatable and reliable capacitance data 
for alkanethiol SAM. It can be concluded that for gold surfaces covered with 
alkanethiol SAM with alkane chains longer than butanethiol and at high electrolyte 
concentration (~1M), the composition of electrolyte in the vicinity of the electrode 
surface is almost the same as that of bulk solution. The potential drop essentially takes 
place across the SAM and that across the diffuse layer is very small. The potential 
profile can be described by the schematic of Figure 4.13. Thus the electrochemical 
data can be analyzed without considering the complicated mathematical treatment 
typically required to account for double layer effects. 




Figure 4.13 A schematic of the potential profile (Φ) across the interface of an 
alkanethiol SAM in a high concentration electrolyte solution. 
4.3.3 Potential Profile of the Interface of Carboxylate-terminated 
SAM 
SAMs containing acidic or basic groups are of particular interest because these 
monolayers are good model systems for the study of proton transfer reactions which 
are, in turn, relevant to many application fields such as surface wetting [129, 178], 
emulsion stability [178], and the biophysical stability of membranes [179]. SAMs 
containing ionized terminal carboxylic acids may also be used as ordered substrates for 
the crystallization of inorganic salts [180] or the attachment of redox active 
compounds to the electrode surfaces at well-defined distances [181-183].  
Functional group terminated SAMs generally have significantly higher electrical 
capacitance than their alkanethiol counterparts [111], and there is no consensus on the 
cause for this. There are two alternative viewpoints, namely that the packing of 
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penetrate into the layer [111, 112], or the presence of functional group surface charges 
affect the interface potentials significantly [117, 118].  
Another interesting topic is the quantitative measurement of the acidity of a surface 
immobilized species [125]. This is a challenging analytical problem. The 
association/dissociation of the carboxylic group can be affected by both solution pH 
and electrode potential. Sweeping the electrode potential to a value negative of the 
potential of zero charge (PZC) will tend to result in protonation of the acid groups, 
reducing the electrostatic repulsion between the negative charges located on the metal 
surface and the charges associated with the deprotonated acid group at the outer SAM 
surface. Conversely, positive electrode potentials will tend to drive the deprotonation 
of the SAM surface groups. In general, the surface acid/base equilibrium is expected to 
shift in response to the electrode potential such that the free energy of the interface is 
minimized. Electrochemical methods can be used to obtain information about the 
acidity of the SAM surface and the carboxylate terminated alkanethiol SAM is a good 
model system to study this topic [125, 130].  
Figure 4.14 shows cyclic voltammograms of 11-mercaptoundecanoic (MUA) SAM 
covered gold in 0.1M and 1M KCl solutions. A feature that is not expected is that the 
curve shape is similar to that of conventional alkanethiol for 1M KCl solution, whereas 
in 0.1M KCl solution, a pair of reversible waves appears at –0.32V. Since there is no 
redox active species present in the solution or on the electrode surface, the current 
wave should not have this faradaic nature. The current wave is similar to the 
voltammetric currents observed for a mixed SAM layer of MUA and decanethiol on 
silver in NaF [125] and as in that study it is reasonable to assume this voltammetric 
response results from the variation in the interfacial capacitance that occurs with the 
reversible deprotonation/reprotonation of the terminal carboxylic acid groups i.e. the 
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different voltammetric curves in 0.1M and 1M KCl solutions arise because the surface 
charge driven by the electrode potential, more strongly affect the thickness (and hence 
capacitance) of the diffuse layer for the weak electrolyte. Charge variations at the 
SAM surface have little effect on the diffuse layer in high electrolyte concentrations i.e. 
the charge is screened. Another possible explanation is that the high ion density in 1M 
KCl concentration makes the carboxylic group more difficult to associate/dissociate.  





















Figure 4.14: Cyclic Voltammogram of 11-Mercaptoundecanoic acid (MUA) SAM 
covered gold in --- 0.1MKCl, — 1M KCl. Scan rate: 100mV/s 
Before we can obtain information about the acidity of surface confined groups, we 
must first elucidate the relationship between terminal functional groups, surface charge 
and potential profile across the SAM. The relationship between the electrostatic 
potential at the outer surface of the SAM, ΦPAD, the potential of the solution, ΦS, the 
acidity of the solution, pH and the degree of acid dissociation, f is given by [117] 













−   (4.13) 
where f is the fraction of ionized molecules and pKa is the dissociation constant of the 
surface-bound acid in the absence of any interfacial electric fields. This equation and 
the measured capacitance has been used for the determination of the surface pKa value 
of adsorbed acid/base groups [118]. In this regard, an expression for the total interface 




+=     (4.14) 
where C(f) accounts for the surface capacitance effects arising from the carboxylate 








FfC T −Γ=     (4.15) 
     
where ΓT is the total surface concentration of carboxylate groups. C(f) reaches its 
maximum value when f equals 0.5 i.e. exactly half of the acid groups are deprotonated. 
Since the SAM molecular film is electrochemically inert, the current in a voltammetric 
experiment (in which the electrode potential is scanned at a constant rate) results only 
from capacitive charging [117]. From the discussion in Section 4.3.2 we know that the 
Cd and CD terms of Equation 4.17 are essentially constant for strong electrolytes 
(>0.1M). Therefore, changes in the total measured capacitance in Equation 4.14 arise 
from changes in C(f). This condition is important because it indicates that surface pKa 
values can be measured by capacitance measurement i.e. by EIS. 
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At pH values far from the pKa, the film is either fully protonated (pH-pKa<<0, f→0) 
or fully deprotonated (pH-pKa>>0, f→1) at all potentials. For either condition, C(f)→0 
according to Equation 4.15, and the total capacitance is that expected for a chemically 
inert film: 1/Cd=1/CSAM+1/CD. At less extreme values of pH, C(f) varies in response to 
the electrostatic potential at the outer surface of the SAM, reaching a maximum value 
when the film is half ionized (f=0.5) i.e. when half of the acid groups are deprotonated. 
This means the experimental position of the peaks where Cd reaches a maximum value 
is the potential at which half of the surface acid groups are deprotonated.  
Table 4.4: Capacitance vs. potential for MUA SAM covered gold in 1M KCl and 0.1M 
KCl obtained with EIS. 
Potential, V 
vs. Ag/AgCl 
0.2 0 -0.2 -0.3 -0.4 
Capacitance, 
µF (1M KCl) 
1.05±0.02 1.04±0.02 1.06±0.03 1.07±0.01 1.06±0.02 
Capacitance, 
µF (0.1M KCl) 
1.03±0.03 1.04±0.04 1.07±0.03 1.16±0.04 1.08±0.04 
 
 
The dependence of Cd on the electrode potential can be used to quantitatively probe 
fundamental properties of surface confined acid/base films. In our study, EIS is used to 
find Cd by fitting experiment data to the Randles model. Table 4.4 lists the capacitance 
of a MUA SAM covered gold electrode in KCl electrolyte at various dc potentials. 
This data were obtained with EIS measurement in 1M KCl and 0.1M KCl solution. 
Unsurprisingly, at potentials where peaks appear in the cyclic voltammogram (see 
Figure 4.14) the capacitance also shows variation. For the experimental system studied, 
the capacitance occurs at around -0.3V in 0.1M KCl electrolyte. As indicated by 
Equation, the peak in capacitance for the MUA SAM occurs when half the surface 
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groups are deprotonated, which occurs around -0.3V. There are essentially no 
capacitance variations in the 1M KCl data. 




















Figure 4.15: Interfacial capacitance of MUA SAM covered gold in 0.1M NaClO4 vs. 
pH. The pH is adjusted by adding HClO4 or NaOH. Capacitances were obtained from 
EIS data at the indicated dc potentials. 
Information can also be gained by measuring the variation of capacitance during 
the titration of the acid/base monolayer at a fixed potential. Plots of capacitance vs. pH 
of supporting electrolyte at fixed dc potentials for MUA SAM covered gold are shown 
in Figure 4.15. The capacitance values were obtained by fitting EIS data to the Randles 
model. Three curves are obtained at dc potential 0V, -0.3V. For dc potential 0V, the 
capacitance increases significantly between pH=5 to 10. This variation in capacitance 
may reflect the deprotonation of the surface the acid group. For dc potential –0.3V, the 
capacitance starts to increase at about one pH unit higher (pH~6) than the 0V data. 
This could be because –0.3V is negatively biased from the PZC of this system and the 
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electrode is negatively charged, thus making the disassociation of the acid group more 
difficult. 
From Figure 4.15 we can find the surface pKa value for the MUA SAM by noting 
pH value at which the capacitance is half-way between its maximum and minimum 
value. The data gives pKa values of 7 and 7.5 for dc potential 0V and -0.3V 
respectively, which is basically in agreement with other researchers work [125, 126, 
130]. 
 
Figure 4.16: A proposed potential profile at the interface of a MUA SAM covered gold 
electrode. 
The data of Figure 4.15 and Table 4.4 show that at the interface of carboxylate-
terminated SAM covered gold the potential profile depends on pH and applied 
potential. This arises because at certain potentials the dissociation of the carboxylic 
group gives the surface region of the SAM additional charge. This variation in 
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4.4 Summary  
The key results and findings of this chapter are: 
a) The EIS technique can be used to obtain electron transfer coefficient values. 
These values were used to verify Marcus theory of electron transfer. 
b) The electron tunneling coefficient across an alkanethiol SAM does not vary 
with potential and has a value of β ~0.9. 
c) The capacitance obtained with EIS measurements shows that essentially the 
entire potential drop occurs across the alkanethiol SAM 
d) The association/dissociation of Carboxylate terminated alkanethiol SAM can 
be studied with EIS and the pKa of the disassociation of the surface groups 
obtained (pKa=7 for dc potential 0V, pKa=7.5 for dc potential -0.3V). 
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1 Chapter 5. Electrochemical Stability of     
Alkanethiol SAM 
5.1 An Unidentified Feature in the CV of Alkanethiol SAM 
Alkanethiol SAM covered electrodes should give flat and featureless cyclic 
voltammogram curves in inert electrolyte without redox active species present within a 
moderate potential window before desorption takes place because there are no faradaic 
processes taking place. However, a close observation of the data shows that this is not 
the case, as illustrated in Figures 5.1 and 5.2. 


































Figure 5.1: Cyclic Voltammogram for reductive desorption of dodecanethiol SAM on 
gold in 0.5M KOH. Scan rate: 20mV/s. The Y axis on the right applies to the lower 
curve which is a zoomed in part of the desorption curve. 
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Figure 5.2: Cyclic voltammogram of dodecanethiol SAM covered gold in 0.1M KCl 
over the potential window of interest. Scan rate: 100mV/s 
Figure 5.1 is a cyclic voltammogram for reductive desorption of dodecanethiol 
SAM on gold in 0.5M KOH solution. Strong alkaline solution was used and hydrogen 
evolution takes place at very negative potential so that the current due to the desorption 
of the SAM can be clearly separated [184]. In the potential range positive of –0.3V, the 
curve is flat indicating no faradaic process occurs and the current is of a pure charging 
nature as expected. However, when potential goes negative beyond –0.3V the current 
starts to rise and continues to rise until the thiol desorption peak starts at ~-1.0V. i.e. 
this current rise starts well before the potential where the desorption peak for 
alkanethiol should appear [181-182]. This feature can be clearly seen in the cyclic 
voltammogram taken over a narrower potential window (see Figure 5.2). For the scan 
rate of 100 mV/s, the background current, which is due to double layer charging is 
smaller than 200nA/cm2, whereas the magnitude of the current rise is much higher 
(2.2µA/cm2 at -0.5V). And there is little hysteresis between the forward scan and 
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backward scan indicating that diffusion plays a very limited role in determining the 
overall current.  
To our knowledge, this feature has never been accounted for previously. It is 
interesting to clarify the origin of this feature, as it may provide clues to SAM stability 
and be a precursor for film desorption. Many electrochemical applications of SAM use 
this potential region. 
Possible causes of the increased current are ion penetration into the SAM, SAM 
degradation and surface structural changes, specific adsorption of anions, and 
electrochemical reaction of oxygen or hydrogen. Each of these possibilities was 
investigated experimentally, as discussed below. A definitive answer cannot be 
presented as the very small currents ensured that it was difficult to reach a clear cut 
result. The two most plausible explanations are:  
a) Low resistive of paths for ion transport are opened in the SAM-surface 
structure as the potential is biased from the PZC.  
b) The reduction of residual oxygen in solution at negative dc potential.  
5.1.1 Specific Adsorption of Anions 
In a system without redox active species, a possibility that affects the cyclic 
voltammetric curve shape is the specific adsorption of anions. It is well known some 
anions interact with electrode material and specifically adsorb on the bare electrode 
surface. As discussed in Chapter 2, specific anion adsorption plays a key role in 
determining the properties of the electrode/electrolyte interface and has been 
extensively studied using various techniques [69, 186-190]. 
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5.1.1.1 Adsorption of Anions on Bare Au 

















Figure 5.3: Cyclic Voltammogram of bare gold in 1M KCl. Scan rate: 100 mV/s. 
To elucidate the origin of the observed current rise in the cyclic voltammogram of 
alkanethiol SAM, the electrochemical properties of bare gold need also to be 
understood. The adsorption of halide anion on electrode surfaces can have a significant 
influence on the cyclic voltammogram curve shape [186, 190]. Figure 5.3 shows the 
cyclic voltammogram of a bare gold electrode in 1M KCl. The current rise near –1.0 V 
is due to the reduction of hydronium. Obviously, the curve is not as flat within the so 
called double layer charging region positive of ~-0.8V as would be expected if the 
current is only caused by faradaic processes. There are significant current waves 
between 0V and 0.5V. Usually, these waves are attributed to the adsorption/desorption 
of chloride ions [188-191]. When the electrode potential goes negative beyond the 
PZC, the electrode is negatively charged and the adsorbed anion will be driven away 
from the electrode surface. Various anions have different affinity towards an electrode 
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surface [188] and thus desorb at different electrode potentials. However, it is 
noteworthy that despite the extensive work carried out on halide ion adsorption, there 
is still no unequivocal explanation to each of these CV waves.  






















Figure 5.4: The interfacial capacitance vs. electrode potential for bare gold in 0.1M 
KCl. Capacitances were determined with EIS measurement at various dc potentials 
using the Randles model. 
The structure of the inner Helmholtz layer can be affected by adsorbed anions 
significantly (see Figure 2.3) and thus monitoring the interfacial capacitance is highly 
informative. Figure 5.4 presents the interfacial capacitance of a bare gold electrode in 
0.1M KCl solution at various dc potentials. The capacitance varies significantly with 
electrode potential and reaches a maximum at around 0.1 V in agreement with other 
results found by various techniques [188, 190, 191]. Usually, it is stated that chloride 
ions adsorb onto the gold surface at potential positive of this maximum [188]. The 
capacitance peak naturally to the current waves observed in the cyclic voltammogram 
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(see Figure 5.3) near +0.2V as this is simply a change in the capacitance leading to a 
capacitive displacement current. 
The data of Figures 5.3 and 5.4 show that strong effects of specific anion 
adsorption on electrochemical properties and the adsorption/desorption of chloride 
ions on gold only takes place at potential positive of 0V. Therefore effects of specific 
adsorption should not be significant in the potential range -0.8V to -0.3V. The 
additional current observed negative -0.3V in Figure 5.2 is thus unlikely to be due to 
ions adsorbing on defects (e.g. exposed gold). 
5.1.1.2 Adsorption of Ions on the Outer SAM Surface 
In light of the above discussion, let us now discuss the possibility of adsorption of 
ions onto the SAM surface itself. For methyl terminated alkanethiol SAM covered 
gold the alkanethiol SAM surface is highly hydrophobic. It is natural to assume that 
the adsorption of ions on the SAM surface takes place to a much smaller extent than 
that on a bare gold surface. In addition, capacitive displacement currents are expected 
to be much smaller for alkanethiol covered electrodes as discussed in Chapter 4. Thus 
we anticipate negligible anion adsorption on the SAM in the potential range of interest. 
This is confirmed by experiments using various anions and various concentrations 
as shown in Figure 5.5. If adsorption/desorption of anions occurs on the alkanethiol 
SAM surface and causes the current feature observed in Figure 5.2, we would expect 
various anions to have different affinity to the SAM surface and therefore have 
different desorbing potentials. Similarly, changing the ion concentration should 
significantly alter the magnitude of the observed currents because change in 
concentration affects the amount of ions adsorbed on the electrode [69]. Figure 5.5 
shows that the composition and the concentration of electrolyte does not affect the 
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position and magnitude of the current feature being studied, indicating the current rise 
is unlikely to be related to anion adsorption on the SAM surface. Note the 
measurements were all performed with the same dodecanethiol SAM sample. 
 





























Figure 5.5: Cyclic voltammogram of dodecanethiol SAM covered gold in 0.1M KOH, 
0.1M KCl and 1M KCl. Scan rate: 100 mV/s 
5.1.2 Hydrogen Evolution Reaction (HER) on Gold 
Oxidation of water or the electrode material occurs at a certain positive potential 
and hydrogen evolution at a certain negative potential, thus defining an 
electrochemical window beyond which electrochemical study are difficult [69]. 
Hydrogen evolution is also a probable source for the current rise, since at sufficiently 
negative potential, hydronium ions in solution obtain electrons from the electrode and 
hydrogen is formed. 
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The most fundamental redox process in electrochemistry is the reductive 
transformation of hydronium ion [H3O+(aq)] at a platinum electrode to molecular 
hydrogen [H2(g)] 
)(2)(2 23 gHeaqOH =++  Eº, 0.0V vs. NHE  (5.1) 
When properly engineered and with [H3O+(aq)] at unity activity and PH2 at unit fugacity, 
this electrode system is the thermodynamic reference standard for measurements of 
electrochemical potentials, and is referred to as the normal hydrogen electrode (NHE), 
or alternatively the standard hydrogen electrode (SHE). 
Although the NHE is fundamental to electrochemistry, it does not represent the 
primary electron-transfer step for hydronium ion reduction at an inert electrode: 
)()(3 aqHeaqOH ⋅=++    Eº, -2.10V vs. NHE  (5.2) 
The -2.10 V difference in standard potential (Eº) between the Equation 5.2 and that for 
the NHE is due to the platinum electrode, which stabilizes the hydrogen atom (H·) via 
formation of a Pt-H covalent bond. 
Therefore, HER occurs at a relatively very negative potential on most other 
electrode materials due to the overpotential effect making the study at more negative 
potential in aqueous system feasible. Gold does not appreciably adsorb hydrogen [173] 
and this factor together with its large overpotential for hydrogen evolution makes gold 
the metal of choice for the study of cathodic process.  
Figure 5.6 shows the hydrogen evolution reaction (HER) explicitly for a bare gold 
surface in 1M KCl. It can be seen that the current increases rapidly at around -1.0 V 
due to the reduction of hydronium. 
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Figure 5.6: Cyclic voltammogram of bare gold in 1M KCl showing the hydrogen 
reduction reaction. Scan rate: 100 mV/s. 









+=     (5.3) 
The weaker the acidity of the electrolyte, i.e. the less H+ concentration, the more 
negative the potential at which HER occurs at. This is illustrated by Figure 5.7 
showing a cyclic voltammogram of bare gold in 0.1M KOH solution. In Figures 5.6 
and 5.7, hydrogen begins to evolve at more negative potential in alkaline solution 
compared to in neutral conditions. Both Figures 5.6 and Figure 5.7 indicate that 
hydrogen evolution takes place at a very negative potential (<-0.8V) as expected for 
gold electrodes and does not occur or is negligible within the potential window of 
interest (0 to -0.5V).  
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We also rule out any possibilities that a bond can form between H· and the inert 
methyl groups at the outer surface of a alkanethiol SAM covered electrode. Therefore 
we expect a very negative HER potential for a alkanethiol SAM covered electrode 
because hydrogen adsorption is not thermodynamically favorable. 






















Figure 5.7: Cyclic voltammogram of bare gold in 0.1M KOH. Scan rate: 100mV/s 
5.1.3 Structure Change of the Electrode Surface 
As discussed in Section 2.1.2, at the potential of zero charge (PZC), qM=qS=0. At 
potentials more negative to PZC, the electrode surface has a negative excess charge, 
and at more positive potentials a positive surface charge. The PZC of an 
electrochemical system can be affected by many factors. It has been suggested that 
PZC changes due to changes in surface structure may be the cause for some types of 
current waves. For example, for bare gold in an inert electrolyte, Kolb et al assume the 
lift of a re-construction structure at certain potentials may change the PZC, which in 
turn causes extra current to flow to or from the electrode surface to maintain the 
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electrode at set potential [191] i.e. a sudden change in the surface charge distribution 
may cause a displacement current wave. Thus it is a possibility that the observed 
current feature of Figure 5.2 is caused by a structure change of the underlying gold 
surface.  
An alternative surface structure change is, naturally, changes in the self-assembled 
monolayer itself. At potentials biased from the PZC, the electrode side of the interface 
is electrified which may cause the tilt angle and packing of the alkane chains adjust, 
thus allowing ions or water in the electrolyte to penetrate into the layer [140-142]. 
Such penetration will change the capacitance or ion transport resistance of the 
monolayer, both effects leading to an extra CV current flow. One can also envisage the 
SAM layer changing its packing structure around defects, such as pinholes, as the 
potential is varied, again leading to possible changes in capacitance or ion transport 
resistance. 
  
Table 5.1 The interfacial capacitance and resistance of dodecanethiol SAM covered 
gold obtained with EIS in 1M KCl at various dc potentials. 
 
Potential, V vs. Ag/AgCl 0 -0.2 -0.3 -0.4 -0.5 
Resistance, MΩ 24.8 20.2 18.2 2.0 0.5 
Capacitance, µF 0.631 0.631 0.631 0.633 0.635 
Phase angle at 1Hz, 
degree 
88.2 87.9 75.4 63.0 54.5 
 
To address this question, a series of EIS measurements were performed at 
potentials near the current increase feature in inert electrolyte. The EIS data was fitted 
to the Randles circuit model of Figure 4.1. A high electrolyte concentration was used 
to ensure that capacitive changes in the electrolyte double layer are negligible. Table 
5.1 lists the capacitance, resistance and phase angle data for a dodecanethiol SAM on 
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gold in 1M KCl at various dc potentials. The phase angle parameter is an indication of 
how well the SAM film is packed. This is discussed more in section 5.2 but briefly 
stated, if a SAM film begins to become less ordered or homogeneous, the phase angle 
term will decrease [176]. 
The capacitance of a film will increase if water or ions penetrate into the film 
because the dielectric constant of the electrolyte can be quite different from that of the 
film. i.e. dielectric constant of water (78) is much higher than that of the alkane chain 
portion of the SAM (~2.1). Therefore, if alkanethiol SAM undergoes some structure 
change under biased potential and becomes more porous or there are related defects 
generated, then electrolyte can penetrate into the film and one expects capacitance of 
the SAM to increase.  
Table 5.1 shows that there is essentially no change in the capacitance of the SAM 
within experimental error over the potentials of interest although we do note that the 
current changes are very small and there is some indication of a small increase in Cd. 
More significantly, there is a large decrease in the resistance and low frequency phase 
angle. This central result is consistent with the opening up of ion transport paths, 
possibly by the creation or enlargement of pin hole sites, or by the diffusion of ions 
which have penetrated the film. Note that the observation that the film capacitance 
does not change is not inconsistent with the penetration of water or ions to the gold 
electrode. One would expect the capacitance to change if the charge distribution 
changes but the capacitance is a measurement averaged over the entire film area. The 
strong decrease in resistance yet constant capacitance found in Table 5.1 is an 
indication that the potential induced defects are highly localized. 
Two cautionary issues should be noted in relation to our above conclusion. Firstly, 
the EIS fitting is model dependant. We have used the simplest equivalent circuit 
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(Figure 4.1). An extra resistance and capacitor can be added [140-142] but this seems 
superfluous given that the SAM capacitive term dominates at high frequencies and the 
resistance term describes very well deviations in the low frequency data. 
A related issue is that the magnitude of the currents measured is variable, thus 
making the utility of additional circuit components of questionable value. The 
variability is most clearly observed in the cyclic voltammetry data and as an example 
of this variation we note that the current measured for the dodecanethiol system can 
range from 700 nA/cm2 to 3 µA/cm2 at -0.5V. The variation no doubt arises from small 
differences in film preparation, defect density of the films, and the small currents (~nA) 
that are measured.  



















Figure 5.8: Cyclic voltammogram of dodecanethiol SAM covered silver in 0.1 M KCl. 
Scan rate: 100mV/s. 
The above results refer to the SAM structure. One approach to clarify the effects of 
the metal surface structure is to change the substrate. Alkanethiol also forms a stable 
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monolayer on silver [4, 5, 20, 21]. Figure 5.8 is a cyclic voltammogram of 
dodecanethiol SAM on a silver electrode in 0.1M KCl. Alkanethiol SAM on silver has 
a slightly different structure from that on gold and has a more negative desorption 
potential [22]. However, we observe that the current rise appears again around –0.3V, 
close to the value for the SAM on gold (Figure 5.2). This finding suggests the current 
rise has little to do with any structure changes of the underlying metal. We therefore 
rule out structural change in the metal (e.g. a reconstruction) as a source of the current 
wave. 
Further evidence for this conclusion comes from considering the transient current 
behavior. If a structure change occurs, we would expect the additional current flow to 
be transient because a structurally induced change in the PZC would only change the 
charge balance momentarily. 





















Figure 5.9: Amperomogram of dodecanethiol SAM covered gold in 0.1 M KCl with 
the potential stepped from 0V to –0.5V vs. Ag/AgCl at t=100s. The electrolyte was 
purged with Ar for 30 minutes. 
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Figure 5.9 shows an Amperomogram of dodecanethiol SAM covered gold in 0.1M 
KCl with the initial potential held at 0V until steady conditions were reached i.e. the 
capacitive charging current has decayed to nearly zero. The potential was then stepped 
to –0.5V at t=100s. The current instantly jumps to about 1.3µA/cm2 and then decreases 
rapidly in the first 50 seconds followed by a slow decay. The current remains constant 
at around 600nA/cm2 after about 15 minutes. This steady state current at -0.5V is still 
measurably higher than the residual current at 0V and is clearly not a transient current. 
More probably, the current is faradaic. Interestingly Figure 5.9 provides further 
evidence that anion adsorption/desorption is not the cause of the current rise since this 
would also result in transient current behavior.  
5.1.4 Oxygen Reduction Reaction (ORR) 
Oxygen is another important factor to be considered. The presence of oxygen 
strongly influences electrochemical measurements. Oxygen dissolved in electrolyte is 
reduced when the electrode potential is negative enough, usually at around -0.2V. As a 
routine electrochemical practice, oxygen is typically removed from the system by 
bubbling the electrolyte for an extended time with another inert gas such as N2 or Ar.  
It is usually thought oxygen can be removed to a sufficient extent by long enough 
degassing time. However, according to the observations shown below, this may not be 
the case, particularly if very small currents are to be measured.  
Figure 5.10 presents cyclic voltammograms of bare gold in undegassed and 
degassed inert KCl electrolyte showing how significant the presence of oxygen is to 
the shape of the cyclic voltammogram. The peak around –0.2 V for undegassed 
electrolyte is attributed to the reduction of oxygen in the solution. The peak around –
0.5 V can be attributed to subsequent reduction of the intermediate product of the 
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previous reaction [173]. In contrast, for the cyclic voltammogram in the degassed 
electrolyte, the curve is much flatter indicating the amount of oxygen has been 
significantly reduced by purging. However, at a low current level the curve is still far 
from being totally flat and featureless. A small peak at around -0.5V can still be 
discerned. As discussed in Section 5.1.1.1, adsorption/desorption of chloride ions 
occurs at more positive potential. Therefore, it is reasonable to suspect the there is still 
some trace oxygen that cannot be fully removed by purging solutions with inert gas. 






























Figure 5.10: Cyclic voltammograms of bare gold in 0.1M KCl with (a) oxygen 
undegassed, (b) oxygen degassed for 30 minutes with Ar. Scan rate: 100 mV/s 
We consider an alkanethiol SAM covered electrode. Figure 5.11 shows cyclic 
voltammograms of SAM covered gold in KCl solution with oxygen saturated and 
oxygen removed (Note the current wave positive of -0.1V is probably due to unknown 
impurities introduced by oxygen purging and will not be discussed here). The 
influence of oxygen on the current rise near the potential of interest can be seen clearly. 
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The current magnitude at -0.5V is about 650nA/cm2 in electrolyte saturated with 
oxygen. After the electrolyte is degassed with Argon for 30 minutes, the current rise 
smaller but still apparent, with a current magnitude at -0.5V of about 250nA/cm2. 
Presumably, a possible reason is that oxygen has been removed to a very low level but 
not completely. This finding provides evidence that the current rise may be related to 
oxygen reduction.  

























Figure 5.11: Cyclic voltammogram of dodecanethiol SAM covered gold in 0.1M KCl a) 
saturated with oxygen for 20 minutes and b) degassed with Argon for 30 minutes. Scan 
rate: 100mV/s. 
This conclusion is supported by Tafel plot measurements. A plot of log i vs. η, is 
known as a Tafel plot, where i is faradaic current with diffusion effects removed. A 
Tafel plot is a useful data presentation method for evaluating kinetic parameters and 
for studying the mechanism of electrochemical reactions [69]. In the absence of 
diffusion effects, the plot gives an accurate indication of the potential at which redox 
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active reactions occur. Figure 5.12 is a Tafel polarization curve of dodecanethiol SAM 
covered gold in 0.1M KCl with the potential scanned from 0V to -0.7V. There is a 
turning point at around –0.25V, indicating a new process taking place. This potential is 
consistent with that of a molecular oxygen reduction. Again, this result may due to 
oxygen remaining in solution after degassing. 


















Figure 5.12: Tafel polarization curve of dodecanethiol SAM covered gold in 0.1M KCl 
with the potential scanned from 0V to -0.7V, then scanned back to 0V. Scan step: 5mV. 
Scan rate: 1mV/s. 
The results above suggest another explanation for the current feature observed at -
0.3V in the cyclic voltammogram of alkanethiol SAM in an inert electrolyte, namely 
there is a reduction of residual oxygen in solution that cannot be removed by purging 
with inert gas. This finding is of significant importance in the electrochemical study of 
SAM.  
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5.1.5 Summary 
Summarizing the results of Section 5.1 we have found an interesting feature in the 
Cyclic Voltammogram of alkanethiol SAM covered electrodes. This current wave 
occurs at potentials well before the SAM desorption potential. We conclude that the 
current wave arises from two possibilities, namely: 
a) Low resistive of paths for ion transport are opened in the SAM-surface 
structure as the potential is biased from the PZC.  
b) The reduction of residual oxygen in solution at negative dc potential.  
5.2 Study of SAM Quality 
The previous section has shown that potential induced defects may occur within 
the SAM. This naturally leads to a discussion on methods which can study defect 
formation and behavior in a SAM film. In this section we discuss there methods of 
interest for detection in alkanethiol films, namely EIS, scanning tunneling microscopy 
(STM) and cyclic voltammograms using redox-active species. Electrochemical surface 
plasmon resonance (ECSPR) was also attempted but these results are presently 
inconclusive. Some interesting results from SPR method are outlined in the Appendix I. 
In brief, we found the EIS measurements the most straightforward and clear, with high 
sensitivity. The CV measurements with redox species was not sensitive to pinhole 
defects on a dodecanethiol SAM, presumably because the currents arising from any 
reaction at defects are too small to be measured above the noise floor. In the STM 
experiments, pinholes in SAM could be seen. However, these STM changes could not 
be quantified in a meaningful way, in contrast to the corresponding EIS data. 
A description of the experiments and the principal results are given below. 
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5.2.1 Quality of Alkanethiol SAM with EIS 
The usefulness of EIS in understanding small interfacial changes, such as possible 
defect formation, was shown in section 5.1. Here we elaborate on the use of EIS in 
defect studies by explicitly showing EIS data taken on dodecanethiol SAM with 
known defects. The defect effects in these examples are large but serve to show the 
utility of EIS and to provide confidence in data involving much smaller defect density, 
as presented in Section 5.1. 



















Figure 5.13: Phase Bode plots of EIS data for a good dodecanethiol SAM and a 
defected dodecanethiol SAM. EIS measurements were carried out in 2mM 
K3[Fe(CN)6]/K4[Fe(CN)6] with 1M KCl as supporting electrolyte at formal potential. 
Figure 5.13 shows EIS data, in a Bode plot representation of the phase for a good 
dodecanethiol SAM and a dodecanethiol SAM of poor quality. The poor quality SAM 
was formed by immersing a gold surface in dodecanethiol/ethanol solution only briefly 
(~1 min). The good quality film was immersed in the adsorption solution for 24 hours. 
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The Bode plot representation clearly shows most clearly low frequency effects, such as 
ion diffusion and variations in dc resistance [176, 140-142]. Figure 5.13 shows the 
phase angle for the SAM of good quality remains at nearly 90 degrees until a very low 
frequency, whereas in the SAM of poor quality the phase angle decreases rapidly 
below 100 Hz. A phase angle of ~90º indicates a purely capacitance response and 
hence minimal defects and a good quality film. A phase angle much less than 90º 
shows that resistive terms are present, which could arise from ion migration through 
pinholes and other weak areas of the film. The phase for the good quality SAM begins 
to decrease at very low frequency (<1 Hz) because the experiments become so slow it 
is difficult to obtain good quality, drift free data. Thus 1Hz is typically set as the low 
frequency measurement limit [176, 140]. 
Figure 5.14 and Table 5.1 present the phase angle of the EIS data as a function of 
the immersion time of the gold substrate in dodecanethiol adsorption solution. It is 
well known longer immersion times during preparation allow alkanethiol molecules to 
form more uniform and dense packing structures [4, 5, 192]. Therefore the SAM has 
better and better quality with increasing immersion time. From the phase angle data, it 
can be seen, from the phase angle data of Table 5.2 that the magnitude of the phase 
angle at 1 Hz can be used as an indicator of the SAM quality. 
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Figure 5.14: Phase Bode plots of the formation of dodecanethiol SAM on gold after 
various immersion times (as indicated in the figure in minutes) in 1mM dodecanethiol 
ethanolic solution. EIS were carried out in 2mM K3[Fe(CN)6]/K4[Fe(CN)6] with 1M 
KCl as supporting electrolyte, dc potential: formal potential. 
Table 5.2 Phase angle at 1Hz of EIS data vs. the immersion time of a dodecanethiol 




0 1 2 5 30 60 600 
-Phase angle at 
1 Hz, degree 
41.2 27.2 43.7 59.8 71.6 78.5 80.8 
 
5.2.2 STM Study of Alkanethiol SAM 
Scanning tunneling microscopy (STM) is an invaluable and powerful surface 
analysis technique with atomic resolution. A family of scanning probe microscopes 
(SPM) was developed based on the general principle of the STM instrumentation, in 
particular atomic force microscopy (AFM). Alkanethiol SAMs formed on Au have 
been studied with AFM and STM techniques [193, 194]. AFM is a more 
technologically useful instrument as it can operate on both insulating and conducting 
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surfaces. Nevertheless, STM can provide clearer resolution images at the atomic 
resolution of surfaces under electrochemical conditions and is unique in its ability to 
characterize surface structures on electrochemically controlled surfaces in direct space. 
In this section we summarize the data from two experiments attempting to use STM to 
study defects in a SAM.  
 
Figure 5.15: STM images of Au(111) evaporated on mica. Imaging conditions: (a) 
Vbias=200mV, It=500pA, scan rate: 10Hz, (b) Vbias= 200mV, It=1nA, scan rate: 48Hz. 
Gold evaporated on newly cleaved mica provides a good substrate for STM study 
of thiol monolayers. Atomically flat Au(111) surfaces can be obtained using 
evaporation to provide smoother surfaces than other techniques, such as sputtering and 
ion beam deposition [195, 196]. Figure 5.15 shows two images of the surface of 
Au(111) deposited on mica by evaporation. Large flat terraces are present, although 
large holes are also typical, as seen in Figure 5.15a. The Au(111) plane on the terraces 
can be imaged with atomic resolution under carefully chosen conditions (see Figure 
5.15b). 
Chapter 5. Electrochemical Stability of Alkanethiol SAM 
 104
30nm









Figure 5.16: STM image of dodecanethiol SAM on Au(111). The bar shows the height 
of typical pit feature in the image, in this example the pit depth is ~2.7Å. Imaging 
conditions: Vb=500mV, It=200pA, scan rate: 10Hz. 
On formation of a SAM layer on the gold the surface morphology is significantly 
modified. Figure 5.16 shows an STM image of Au(111) after dodecanethiol SAM 
formation. The surface is essentially still flat on the terraces but there are small pits 
distributed over the surface. This is typical of alkanethiol SAM covered Au(111) 
surfaces [197, 198]. Work by Edinger et al. showed that the pit depths are 2.5Å, which 
is consistent with the Au(111) single-atom step height, suggesting that the pits are 
result from defects in the Au surface layer, not defects in the alkanethiol layer [197]. 
The pits are due to an etching effect of the alkanethiol on the gold surface. The surface 
of the pits is covered by alkanethiol and thereby the entire surface presents a thiol 
SAM layer to the adjacent electrolyte. 
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It is well known that alkanethiol SAMs are stable under many environmental 
conditions [4-5]. However, some researchers have suggested that 
ferricyanide/ferrocyanide ions may have some etching effect on gold underlying the 
SAM when exposed to light. Electrochemical measurements showed that the electron 
transfer barrier ability of alkanethiol decreases with increasing immersion time of 
SAM in ferricyanide/ferrocyanide solution being exposed to light [199]. Obviously, it 























Figure 5.17: STM Images of dodecanethiol SAM covered Au(111) after being 
immersed in 10mM K3[Fe(CN)6]/K4[Fe(CN)6] for 8 hours. The line scans under each 
image give an indication of the typical height of features observed in the 
corresponding image above. 
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Figure 5.17 shows images of dodecanethiol SAM covered Au(111) after being left 
in 10mM K3[Fe(CN)6]/K4[Fe(CN)6] solution for the indicated time. It can be seen that 
the uniformity of the surface degraded significantly after being immersed in 
K3[Fe(CN)6]/K4[Fe(CN)6] solution compared with the SAM image in Figure 5.16. The 
terraces are still visible but the surface becomes more corrugated and the terrace 
surface area becomes smaller. We assume this could be because of the etching effect of 
ferricyanide/ferrocyanide on either SAM or underlying gold substrate. 
 
 
Figure 5.18: Electrochemical-STM images of dodecanethiol SAM covered gold 
obtained in 0.1M KCl. Imaging conditions: (a) sample potential=0V, It=500pA, Vbias: 
500mV, scan rate: 5Hz, (b) sample potential=-0.4V, Vbias: 500mV, It=500pA, scan rate: 
5Hz. 
It has been demonstrated that in situ STM makes it possible to monitor, under 
reaction conditions, a wide variety of electrode processes [200, 201]. The influence of 
electrode potential on structure of SAM is of great interest. After familiarization with 
the conditions required for SAM imaging, STM experiments were performed on 
alkanethiol SAM surfaces under electrochemical control. Such experiments require the 
STM tip and the sample to be immersed in the electrolyte with the sample potential 
under external control. Figure 5.18 shows typical STM images of dodecanethiol SAM 
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obtained with the gold set at two different potentials. The potential -0.4V corresponds 
to the onset of the defect generation noted in Section 5.1. However, we could not 
discern any notable differences between the STM images taken at 0V and at -0.4V. 
The results show that the alkanethiol SAM is quite stable with respect to moderate 
changes of the potential of the underlying gold. No large scale structural changes or 
penetration occurs at the negative potential biases used in this study. 
The data of Figures 5.17 and Figure 5.18 shows that STM can give an indication of 
the degradation of the SAM when the degradation is severe (Figure 5.17). For smaller 
SAM defects, as highlighted by the possibility that defects are created around -0.4V in 
alkanethiol SAM (discussed in Section 5.1), the STM data give no clear-cut indication 
of any such defect creation. It is much more obvious in the electrochemical data that 
some potential induced physical change are occurring to the SAM at -0.4V and we 
conclude that, despite the atomic resolution imaging capability of STM, we cannot use 
STM in a meaningful way to study this system. 
5.2.3 Detection of Defects in SAM with Redox-active Species 
We assume redox active species that can adsorb onto electrodes may be used to 
detect the existence of pinhole type defect in a SAM monolayer if the species adsorb 
onto any exposed gold surface. Under these assumptions we would expect cyclic 
voltammogram data on SAM exposed to suitable redox-active species to display sharp 
peaks corresponding to Au-redox reactions if any of the redox active species can 
penetrate to the gold substrate.  
Figure 5.19 and Figure 5.20 show cyclic voltammograms of catechol adsorption on 
gold and dodecanethiol SAM covered gold respectively. Catechol adsorb readily onto 
electrode surface [202]. In addition, the adsorption process results significant current 
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flow and well defined peaks, even with very low bulk solution concentration. This 
behavior is easily observed in Figures 5.29 in dilute 10µM Catechol solution on gold. 
The redox adsorption peaks are strong and clear. 
















Figure 5.19: Cyclic voltammogram of bare gold in 10 µM Catechol (immersion time 
10 minutes) in 0.1M phosphate. pH=7.0. Scan rate: 100mV/s. 





















Figure 5.20: Cyclic voltammogram of dodecanethiol SAM covered gold in 10µM 
Catechol in 0.1M phosphate. pH=7.0. Scan rate: 100mV/s. 
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In the dodecanethiol SAM covered gold case (Figure 5.20), the redox active 
species do not seem to adsorb on any gold surface i.e. no sharp peaks corresponding to 
the Au-redox reaction of Figure 5.19 are observed. These results indicate that the 
pinhole defect density is too low to give rise to any appreciable redox reaction current. 
Alternatively, the defects may be (geometrically) small such that the redox species 
cannot penetrate to the gold surface. In either case, the technique is not suitable to 
monitor the generation of small defects in the SAM. Note that the weak current waves 
observed near 0.3V (see Figure 5.20) are probably due to redox reaction of Catechol 
adsorbed on the SAM surface. 
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1 Chapter 6.  Electrochemical Characterization of 
Mixed Alkanethiol SAM 
6.1 Introduction 
Monolayers formed from a single thiol present a densely packed array of a single 
functional group at the interface between the monolayer and a liquid or vapor. A 
controlled chemistry and structure can be introduced at this interface by co-adsorbing 
thiols of different chain lengths or different terminal functionality [143]. The ability to 
control the composition of highly structured, multi-component interfaces has great 
potential in practical applications, such as surface patterning, and in fundamental 
studies, such as examining the interaction between organic functional groups in quasi-
two-dimensional systems.  
Mixed SAMs have been heavily studied [10, 143-171]. However, there are still 
several inconsistencies in the interpretation of the data, specifically regarding the 
formation mechanism of the mixed SAM. One enigma is whether the composition of a 
monolayer adsorbed from a solution containing two or more thiols is determined by 
the equilibration between the components in the monolayer and the monolayer 
precursors in solution or by the kinetics of the adsorption [146]. Bain et al. conducted 
one of the most extensive studies of mixed SAM using XPS, ellipsometry and contact 
angle techniques [143-147]. They studied the formation mechanism of a binary SAM 
and found that the composition of mixed SAM adsorbed from solutions containing 
mixtures of thiols appears to be determined principally by a drive to thermodynamic 
equilibrium. The observations that militated against kinetic control of the adsorption 
process were: the preferential adsorption of longer chains over shorter chains; the 
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dramatic variation in the composition of the monolayer with the nature of the solvent, 
even when there were no specific interactions between the adsorbates and the solvent; 
and the strong preference for the adsorption of the minor component from a solution 
containing two structurally similar thiols [146]. However, the mechanism by which the 
components in the monolayer and in solution equilibrate remains unclear.  
In previous studies, contact angle, XPS, ellipsometry and cyclic voltammetry have 
been the main techniques used to characterize mixed SAM [143-171]. These 
techniques provide information of the SAM from different perspectives. Contact angle 
measures the hydrophilicity of the mixed layer surface thus giving information about 
surface head group structure. Ellipsometry data are used to evaluate the thickness of 
mixed SAM and XPS are used to evaluate the composition of the mixed SAM. 
However, none of these techniques can give a particularly accurate measurement of the 
mixed SAM composition as the errors are large. For example, to use ellipsometry, the 
refractive index of the organic film has to be estimated, which in fact varies with the 
thickness of the film, XPS is less sensitive when both components are terminated with 
methyl group [5]. Similarly, the contact angle of hexadecane is probably the most 
sensitive measure available for monitoring the quality of monolayers composed of 
methyl-terminated hydrocarbon chains [146] but is very limited when used to estimate 
surface composition. 
From the discussion in Chapter 4, it is clear EIS measurements provide a high 
accuracy method to evaluate the capacitance of SAM, which in turn can be used to 
calculate the effective thickness of the SAM. In this chapter, we show how EIS 
measurements of the capacitance can provide a sensitive and accurate method to 
characterize a mixed SAM, especially a mixed SAM composed of alkanethiols 
terminated with methyl groups. We also show with this technique how to obtain 
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insight on the kinetics and thermodynamics of the mixed SAM formation, thus 
addressing directly the kinetic-thermodynamics puzzle.  
In our work described below, the binary alkanethiol SAM mixtures used are the 
pairings of [octanethiol and hexanethiol] and [dodecanethiol and 11-
mecaptoundecanoic acid (MUA)]. All quoted mixture compositions in this chapter are 
molar concentration ratio. 
6.2 Composition of Mixed Alkanethiol SAM by EIS 
In this work, from a macroscopic perspective, each component of the binary mixed 
SAM is assumed to be equivalent to an impedance (ZA or ZB) in parallel to each other. 
This model is shown in Figure 6.1a. Each impedance in turn consists of the 
capacitances CA and CB and resistances RA and RB representing the values for a pure 
SAM of either component A or B, as shown in Figure 6.1b. Here, x is the molecular 
fraction of component A. The experimental data analysis is simplified by lumping the 
components together as shown in Figure 6.1c where the total impedance measured in 
the EIS experiment is, 
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 (a)  
(b)  
(c)  
Figure 6.1 Model used for the analysis of a binary SAM consisting of components A 
and B. Here x is the molecular fraction of component A. 
The whole capacitance (Ct) is the sum of the capacitances of the individual 
component capacitors weighted by their mole fraction. Accordingly, Equation 6.3 is 
proposed as a means to calculate the composition of a mixed alkanethiol SAM by 
measuring with EIS the capacitance of the mixed interface when the capacitances of 
both pure SAMs are known. As shown later, this method can reliably determine the 
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Figure 6.2: Plot of capacitance vs. the octanethiol to hexadecanethiol ratio in 1mM 
ethanol solution. The gold samples were immersed in adsorption solution containing 
various mixtures of octanethiol and hexadecanethiol for 24 hours. EIS measurements 
were performed in 2mM K3[Fe(CN)6]/K4[Fe(CN)6] with 1M KCl as supporting 
electrolyte at the formal potential. 
A series of EIS measurements were performed with mixed monolayers formed by 
adsorption from solutions of various ratios of octanethiol to hexadecanethiol. The 
1mM (total concentration) adsorption solutions containing the two thiols were 
prepared from bulk solutions containing a single alkanethiol of 50mM concentration. 
The impedance data were fitted to the model shown in Figure 6.1c and the 
monolayer capacitances were obtained. The plot of capacitance vs. the ratio of C8:C16 
in the adsorption solution is presented in Figure 6.2. At C8:C16 ratios smaller than 1 
and larger than 10, the capacitance of the mixed SAM is basically that of the pure 
monolayer composed of hexadecanethiol and octanethiol respectively. Within the 
C8:C16 ratio range between 1 and 10, the capacitance increases non-linearly from that 
of a pure hexadecanethiol SAM to that of a pure octanethiol SAM. It is noteworthy 
that when the concentrations of alkanethiols in the adsorption solution are equal 
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(C8:C16=1), the capacitance value indicates the SAM is almost entirely composed of 
hexadecanethiol. This is more easily seen in Figure 6.4 where we calculate the 
composition of the binary SAM using Equation 6.3 and re-plot the data to show the 
percentage of hexadecanethiol in the monolayer, assuming a pure component 
monolayer exists at the extremes of the C8:C16 solution ratio. Figure 6.3 shows that 
the longer chain length alkanethiol has a stronger tendency to form the SAM on the 
gold than the shorter chain length alkanethiol, in agreement with the findings of Bain 
et al [10, 143]. This result favors the thermodynamic control mechanism because one 
expects the van der Waals force between longer alkane chains to be stronger, thus a 
long chain alkanethiol SAM is thermodynamically more stable than a shorter chain 
SAM. Furthermore, longer chain alkanethiols have a poorer solvation in ethanol than 
shorter chain alkanethiol and will have a stronger tendency to come out of the solution 
and adsorb onto the gold. 


















Figure 6.3: Molecular composition of a mixed SAM of octanethiol and 
hexadecanethiol calculated from the measured EIS capacitance. The gold samples were 
immersed in adsorption solution containing various mixtures of octanethiol and 
hexadecanethiol for 24 hours. 
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Figures 6.2 and 6.3 show that the method of measuring the capacitance by EIS and 
how this information can be used to study the composition of a mixed SAM. In the 
following sections, EIS will be used to study the kinetics and thermodynamics of 
mixed SAM formation. 
6.3 Kinetic Control vs. Thermodynamic Control 
Is the composition of a mixed SAM controlled by thermodynamic or kinetic factors? 
For a mixed SAM formed by co-adsorption from a mixture of thiols in solution, both 
kinetic and thermodynamic factors could influence the composition of the SAM. The 
final composition of the mixed SAM could be an interplay of kinetic and 
thermodynamic factors.  
Thermodynamic equilibrium requires that a mechanism exist for reversible 
interchange of the components of the monolayer with those in solution at some time 
during the formation of the monolayer, especially when those thermodynamically 
unfavorable thiols adsorb on to gold faster. This is particularly evident for a binary 
system in which the more thermodynamically unfavorable thiol adsorbs onto the gold 
faster from solution. Thermodynamic control appears to be the situation for most thiol 
adsorption systems [10]. It is found that adsorbed thiol on gold is a dynamic system 
over a reasonable time scale, allowing for re-arrangement and movement of the 
adsorbed SAM molecules.  
The alternative viewpoint, namely that the SAM composition is in part kinetically 
determined, is based on the assumption that the thiol is irreversibly adsorbed, at least 
over very long time scales. Thus the SAM composition is to an extent determined by 
which molecules adsorb more quickly from solution i.e. the composition is kinetically 
limited. Although kinetic data on SAM growth have been collected for the past decade, 
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we are only beginning to develop a reliable qualitative picture of the process, and we 
are far from a complete quantitative understanding [192].  
Many processes are involved in SAM growth. A first step is clearly the solution-
phase transport of adsorbate molecules to the solid-liquid interface. This is followed by 
adsorption on the substrate at some adsorption rate [192]. It is reasonable to assume 
that alkanethiol with a short chain length has a higher mobility whereas alkanethiol 
with a long chain length tends to form a more stable SAM because of the stronger van 
der Waals interactions between the alkane chain. Given these assumptions, preferential 
adsorption of longer chain alkanethiols from a solution mixture, as in Figure 6.3, 
supports thermodynamic control. 
However, there are some findings which are in contrast with thermodynamic 
control. It was found that a once stable SAM has formed, thiol in the adsorption 
solution can only replace the surface adsorbed thiol to a very limited extent [10, 166].  
In this section we use EIS to find the capacitance of pure or mixed SAM samples, 
in this way we can monitor as a function of immersion time any changes in 
composition of the SAM. By examining the displacement of one thiol in a mixed SAM 
with another thiol in solution information about the mechanism of the mixed SAM 
formation can be obtained. Studying the early stage of SAM formation is particularly 
important. Here the exchange between thiol on the gold surface and thiol in solution is 
easier and one removes the problem of trying to replace adsorbed thiol on a fully 
formed monolayer.  
The mixed SAM samples were prepared as described in section 6.2 unless 
otherwise stated. 
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6.3.1 Displacement within SAM 


























Figure 6.4: Capacitance evolution during the formation of a mixed SAM immersed in 
adsorption solution containing octanethiol and hexadecanethiol with indicated ratios.  
For pure alkanethiol SAM formation, it is thought that the majority of thiol adsorb 
onto the gold surface after tens of seconds immersion time and it takes much longer 
time for the SAM to reach its final structure status [192]. For mixed SAM formation, 
the gold surface is also covered by thiols very rapidly, only in this case an important 
question is how long it takes to establish equilibrium between the various components 
of the mixed SAM and the adsorption mixture solution. To study this, measurements 
of the capacitance during the formation of a mixed SAM against extended immersion 
time in adsorption solution were undertaken. Two C8:C16 ratio adsorption solutions 
were used and the data are shown in Figure 6.4. For the solution C8:C16 ratio of 8:1, 
the mixed SAM capacitance is essentially constant after 24 hours of immersion i.e. 
equilibrium has been established at an immersion time of 24 hours. For the C8:C16 
ratio of 1:1 the capacitance decreases with immersion time from an initial value of 
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about 1.51µF/cm2 before immersion to a value of a pure hexadecanethiol SAM 
(1.45µF/cm2) after 10 days of immersion. This result indicates that 24 hours, the 
typical time recommended for thiol monolayer formation, may not be long enough for 
some mixed SAM systems to establish equilibrium. This finding is important because 
it shows the exchange between thiols in the SAM and thiols in solution occurs over a 
very long time and should be taken into account when preparing mixed SAM by co-
adsorption from solution. 
In order to gain understanding of the interplay between thermodynamic and kinetic 
information an obvious starting point is to monitor how the molecules of a pure (i.e. 
single component) SAM are displaced when the SAM is exposed to a solution 
containing a different thiol. A series of such displacement experiments were carried 
out in which a pre-formed single component SAM was immersed in a solution of 
another (competing) alkanethiol.  Thermodynamic and kinetic information on the 
mixed SAM formation was obtained by observing the SAM composition as a function 
of immersion time. 
Figure 6.5 shows the plot of capacitance vs. immersion time for two single 
component alkanethiol SAMs exposed to different alkanethiol solution. The 
capacitance of pure hexadecanethiol SAM (C16) is 1.45µF/cm2 and after 120 hours of 
immersion in octanethiol (C8) solution the capacitance increased to 1.48 µF/cm2. This 
shows the pure hexadecanethiol SAM is replaced by octanethiol molecules in solution 
only to a very limited extent, even after an extended immersion period. For a pure 
octanethiol SAM, the initial capacitance is 3.02µF/cm2 and decreases significantly with 
immersion time in hexadecanethiol solution, falling to 1.94µF/cm2 after 120 hours of 
immersion. This shows hexadecanethiol molecule in solution can replace the 
octanethiol molecules in the fully formed SAM relatively more easily.  
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Figure 6.5: Capacitance evolution with immersion time of pure pre-formed alkanethiol 
SAM in solutions of a different alkanethiol. 
The results of Figure 6.5 clearly indicate the mixed SAM composition is 
thermodynamically driven because the measured composition can change over time. 
However, this process can be very slow. This could be because, once SAM has fully 
formed, there are very few defect sites where thiol molecule in solution can initially 
adsorb and displace the adsorbed thiol. The observation that the replacement of 
hexadecanethiol molecules within a SAM by octanethiol molecules is much more 
difficult than displacing octanethiol SAM molecules with hexadecanethiol is consistent 
with the known facts that: 
a) The longer chain alkanethiol produces a better quality SAM film. For longer 
chain SAM the packing density is higher and there are fewer defects. It is 
therefore more difficult for a shorter chain alkanethiol to disrupt the long 
chain alkanethiol SAM lattice. 
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b) Longer chain alkanethiols have a larger heat of adsorption arising from the 
larger attractive force between the alkane chains. Thermodynamically this 
will favor the adsorption of longer chain alkanethiols. 
In both systems shown in Figure 6.5 the time required for molecules to be 
displaced from the SAM is very long i.e. the kinetics are slow. This is a reflection of 
the very strong binding of the molecules in the SAM and consequently the high energy 
needed to desorb the molecules. Given this very slow displacement kinetics it is 
perhaps not surprising that it has been difficult to distinguish between thermodynamic 
and kinetic formation mechanisms. 
6.3.2 Solvent Effects on the Composition of Mixed SAM  
The nature of the solvent containing the alkanethiol may influence the composition 
and structure of a mixed monolayer in several ways [146]. If the components of the 
monolayer are at or near thermodynamic equilibrium with the solution, then a change 
of solvent will change the activities (which is related to solubility) of the adsorbates in 
solution and hence change the equilibrium composition of the monolayer. Furthermore, 
if the tail groups are capable of specific interactions, particularly hydrogen bonding, 
then interactions between the tail groups and between the tail groups and the solvent 
will influence the structure of the monolayer-liquid interface. This may affect the 
structure of the monolayer itself [146]. Thus, it is useful to study the changes in 
adsorption of mixed SAM in different solvents. In this work we study mixed SAM 
adsorption in ethanol, acetonitrile and hexadecane. The effect of different functional 
end groups is discussed in Section 6.3.3. 
A series of mixed SAMs were prepared by immersing gold in 1mM mixtures of 
octanethiol and hexadecanethiol of various ratios dissolved in different solvents: a 
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polar, protic solvent (ethanol); a less polar, aprotic solvent (acetonitrile) and a nonpolar 
solvent (hexadecane). Figure 6.6 is a plot of capacitance against the ratio of octanethiol 
to hexadecanethiol in the various solvents. The mole fraction of octanethiol in the 
mixed SAM is calculated at two ratios using Equation 6.3 and the results are listed in 
Table 6.1. 

























Figure 6.6: Capacitance vs. ratio of octanethiol to hexadecanethiol in various solvents 
as indicated. The gold samples were immersed in adsorption solution of various 
solvents for 24 hours. 
Figure 6.6 and Table 6.1 show that at C8:C16 ratios of 4 and 8 in the adsorption 
solution, the fraction of short chain alkanethiol in the mixed SAM is highest when 
prepared from hexadecane and lowest when prepared from ethanol. Within the C8:C16 
ratio range where mixed SAM are formed, the amount of octanethiol within the SAM 
decreases with the polarity of the solvent used, indicating that short chain alkanethiol 
can adsorb onto the gold more easily from a non-polar solution. This could arise 
because the difference in the chemical potential between a long and a short chain 
alkanethiol is smaller in a hydrocarbon solvent compared with an alcohol solvent i.e. 
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the solubility of the short chain alkanethiol is smaller in a less polar solvent. 
Consequently, if the adsorption of the alkanethiol with the longer chain is preferred, 
then by changing the solvent from ethanol to hexadecane, the preference for the longer 
chain adsorption should decrease. i.e. the SAM octanethiol content will increase in the 
hexadecane solvent because the difference in solubility between hexadecanethiol and 
octanethiol is smaller in hexadecane than in ethanol. For example, it is easier for a 
hexadecanethiol molecule to be replaced and desorb into the hexadecane solvent rather 
than the ethanol solvent.  
These findings are further proof for a thermodynamic controlled formation 
mechanism. 
Table 6.1: Influence of solvents on the composition of octanethiol and dodecanethiol 
mixed SAM. Mole fraction of octanethiol is derived from Figure 6.6. 
 Mole fraction of octanethiol in SAM 
Solvent Ethanol Acetonitrile Hexadecane 
C8:C16 ratio=4 15% 24% 31% 
C8:C16 ratio=8 44% 54% 68% 
 
6.3.3 Functional Group Effects on the Composition of Mixed 
SAM 
A comparison between the adsorption of a typical methyl terminated alkanethiol 
and a functional group terminated thiol can provide insight on the co-adsorption of 
molecules to form mixed SAM. Of all the functional groups, carboxylic acids provide 
both the possibility of hydrogen bonding and charge interactions. In this work, 11-
mercaptoundecanoic acid (MUA) was mixed with dodecanethiol (DDT) to form mixed 
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MUA-DDT monolayers. Note that these two thiols have almost the same chain length 
and we anticipate that differences in their adsorption properties are due solely to the 
different end group. 
Firstly, mixed SAMs were formed from ethanolic adsorption solutions containing a 
mixture of MUA and DDT at various ratios. Figure 6.8 shows the capacitance of the 
resulting mixed SAMs against the mole fraction of MUA in the adsorption solution. 
(Note that this assumes a linear relationship between the capacitance of each 
component and the compositions, as in Equation 6.3. we believe this assumption is 
good even though the end groups are different because the high electrolyte 
concentration ensures there are no diffuse layer effects on the potential.) The 
relationship between the composition of the SAM and that of the adsorption solution is 
not linear. The mole fraction of dodecanethiol in the mixed SAM is higher than that of 
MUA when the adsorption solution is composed of equal concentration of the two 
thiols. This data is qualitatively very similar to XPS data for DDT-MUA SAM 
mixtures presented by Kakiuchi et al [203]. This indicates the adsorption of MUA is 
slightly less favored than that of dodecanethiol in ethanol. This could be because MUA 
has a greater affinity towards polar ethanol and thus higher solubility in ethanol. 
Accordingly, the MUA accordingly its adsorption onto gold is less thermodynamically 
favorable. 
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Figure 6.7: Capacitance of the mixed SAM vs. fraction of MUA in a mixture of DDT 
and MUA adsorption solution. 
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Figure 6.8: Capacitance evolution as a function of immersion time of pre-formed pure 
SAM (MUA or DDT) in ethanol solutions of 1mM thiol with different terminal group.  
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The dynamics of the mixed MUA-DDT SAM formation was studied by immersing 
single component SAM samples in either 1mM DDT or MUA ethanol solution. The 
variation of the SAM capacitance, and hence SAM composition via Equation 6.3, was 
measured by EIS as a function of immersion time and the results are shown Figure 6.8. 
After 144 hours immersion of the dodecanethiol SAM in 1mM MUA solution, the 
capacitance of the resulting mixed SAM (3.10µF/cm2) almost reached the value of a 
pure MUA SAM (3.25µF/cm2). This indicates DDT molecules have been essentially 
replaced by MUA molecules. Therefore, given a sufficiently long immersion time in a 
MUA solution, all of the DDT on the surface can be replaced by MUA, as expected 
from a thermodynamic perspective. In contrast, the capacitance of the MUA SAM 
after 144 hours immersion in 1mM dodecanethiol solution only changes to an 
intermediate value (2.78µF/cm2). i.e. only ~20% of the MUA in the monolayer has 
been replaced by DDT from solution. This shows the carboxylate-terminated 
alkanethiol tends to displace the methyl-terminated thiol much more easily than the 
reverse. This finding contradicts our understanding of thermodynamic formation of the 
SAM composition in which, given sufficient time all of the MUA should be replaced. 
Presumably, the hydrogen bonding between the terminal functional groups contributes 
significantly to the stabilization of the MUA SAMs, making them thermodynamically 
stable and harder to be replaced. Note that this is different from the findings of Figure 
6.7, which indicate that MUA adsorption from ethanol is weaker. Clearly, the 
experimental conditions are different for Figures 6.7 and 6.8 (the latter is purely a 
desorption experiment) but the data of Figure 6.8 for the MUA film does suggest that 
under the experimental conditions, kinetics effects (i.e. almost irreversible adsorption 
of a component) may determine the mixed SAM composition.  
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Since the chain lengths are essentially the same for DDT and MUA, the different 
behavior observed in Figure 6.8 is linked to the carboxyl end group of the MUA. A 
MUA monolayer, with large domains of MUA cohesively bonded together by both 
intermolecular and hydrogen bonding, is evidently very difficult to disrupt. It is 
probable that replacement of MUA by DDT only occurs within inter-domain regions 
where the MUA SAM contains defects or poor packing. The miscibility of the DDT 
within the closely packed MUA domains appears to be too low to allow for DDT 
penetration. One would anticipate that if the MUA did not have the ability to form 
itself into ordered domain structures then MUA could be more easily displaced from 
the surface. This is indeed what occurs for the data of Figure 6.7 where STM results on 
a similar system have shown [203] that such mixed MUA-DDT SAMs formed from 
MUA-DDT ethanol solutions can only have very small (<10nm dimension) phase 
separated domain structure. 
However, the higher stability of pure MUA SAM seems to be inconsistent with the 
more positive desorption potential for desorption of MUA compared with DDT [203]. 
It is usually thought that the more stable SAM has a more negative potential for the 
desorption peak. The reason for this are not known but a plausible explanation is the 
desorption potential may not be determined by the inter-chain interaction alone. 
Although DDT and MUA have the same sulfur head group, the potential profile across 
the molecules may be different i.e. the field experienced by the Au-Sulfur bond may be 
different because of different potential drops within the molecules. 
6.3.4 Early Stages of Formation of a Mixed SAM 
We assume the apparent paradox regarding kinetics control or thermodynamics 
control could be resolved if the early stages of SAM formation could be observed. 
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What happens in the first few minutes of SAM formation should have a significant 
influence on the composition of the final mixed SAM if kinetic control dominates.  
One can postulate several possibilities in the early stages of SAM formation [146]. 
First, equilibration proceeds through the physisorption of thiol. It is known that the 
thiol molecules adsorb onto the gold surface very rapidly within the first 100 seconds 
[4]. Rapid equilibration between the physisorbed thiol and the thiol in solution would 
be followed by a relatively slow conversion of the physisorbed thiols to chemisorbed 
thiolates. If the rate constant for the conversion of thiol to surface thiolate is believed 
to be independent of the structure of the thiol [146], then a chemisorbed monolayer 
would be kinetically trapped with a composition equal to the equilibrium value of the 
physisorbed monolayer. Such a kinetic formation of the mixed SAM does not seem to 
occur for the thiol systems under study, as discussed above. However, we demonstrate 
below new results on how the EIS technique can be used to monitor the rapid, initial 
formation stages of a mixed SAM. We show that the mixed 
octanethiol/hexadecanethiol system reaches an equilibrium value close to that 
observed in Figure 6.2 very quickly. The technique can be readily extended to study 
more interesting systems, such as those in which kinetic control of the mixed SAM 
formation have been proposed. 
The early growth of a mixed SAM formed by co-adsorption from solution has not 
been studied to any extent. This may in part be due to the lack of accuracy of the 
available detection techniques, such as XPS and ellipsometry. In our work a series of 
EIS measurements were made within short time intervals at the early stages of mixed 
SAM formation. The early stage of the formation process of a pure hexadecanethiol 
SAM and the formation of mixed SAM from adsorption solution containing 
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octanethiol and hexadecanethiol with C8:C16 ratio of 1:1 were studied by measuring 
the SAM after very short immersion times. 


























Figure 6.9: Capacitance change of pure hexadecanethiol SAM and a mixed SAM of 
octanethiol and hexadecanethiol at the early stages of SAM formation.  
Figure 6.9 shows the capacitance evolution profile during the early stages of 
immersion of gold surfaces in 1mM pure hexadecanethiol solution and an 1mM 
octanethiol/hexadecanethiol mixture solution with C8:C16 ratio of 1. The capacitance 
stabilizes in a very short time for both cases. This indicates the time alkanethiol 
molecules take to fully cover the gold surface is of the order of 100s. Subsequently a 
much longer time is needed for the SAM to become ordered.  
An interesting feature in the curves can be noticed, namely that equilibrium is 
approached more rapidly in the formation of pure hexadecanethiol SAM compared 
with the mixed SAM. We assume this is a reflection of the replacement of octanethiol 
molecules on the surface over time during the first few minutes. In the initial 
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adsorption phase the surface is probably more octanethiol rich as the shorter chain 
alkanethiol has higher mobility both in solution and on the gold. An octanethiol rich 
SAM will have a higher capacitance (see Figure 6.2). The capacitance will decrease as 
more hexadecanethiol displaces the octanethiol and adsorbs onto the gold surface. The 
difference between the pure hexadecanethiol and the mixed 
octanethiol/hexadecanethiol adsorption kinetics show that additional time is required 
for hexadecanethiol to diffuse into octanethiol regions of the SAM and for the 
octanethiol molecule to desorb. 
Based on our results, it is concluded that the mechanism of formation of mixed 
SAM is thermodynamic control. However, the kinetics can play a role in determining 
the composition of the SAM formed if the adsorbed molecules are very strongly bound 
and cannot be displaced easily. This was found in the case of a pure MUA monolayer 
where a well packed SAM structure is formed and it is hard for thermodynamically 
driven changes to occur. 
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1 Chapter 7. Summary and Outlook 
This work utilized the advantages of Electrochemical Impedance Spectroscopy 
(EIS) and other analytical techniques such as cyclic voltammetry, electrochemical 
STM to study topics related to self-assembled monolayers (SAM) of alkanethiol. EIS 
was shown to be a powerful technique to study alkanethiol SAM on Au. Some 
interesting findings and results were observed, as summarized below, 
a) EIS was used to obtain electron transfer kinetic information across 
alkanethiol SAM. The electron transfer coefficient and the electron tunneling 
coefficient was obtained. These values were in agreement with those 
expected from the Marcus theory. 
b) The potential profile across alkanethiol SAM covered electrodes was studied 
and it was found that the potential drop essentially occurs within the SAM 
i.e. the potential drop in the diffuse layer can be neglected for high 
concentration electrolyte (>0.1M). there is a slight diffuse layer effect for 
very short chains (hexanethiol). 
c) The dissociation/association of carboxylate terminated SAM was studied 
with EIS. Accurate capacitance values were obtained and can be used to 
monitor the dissociation/association process occurring at the interface. From 
the measurements pKa values of 7 at dc potential of 0V and 7.5 at -0.3V 
were found for the dissociation of carboxylate group. 
d) An unknown feature in the Cyclic Voltammogram of alkanethiol SAM in 
inert electrolyte was studied and possible causes investigated. This feature 
occurs at -0.3V, well before onset of alkanethiol desorption at ~-1.0V, could 
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be a precursor to the degradation of the SAM film. Two probable causes of 
the CV feature at -0.3V were found, namely that defects (e.g. pinholes) are 
created in the SAM or the reduction of trace amounts of oxygen occurs. 
e) Alkanethiol SAM stability was studied with electrochemical STM and EIS at 
negative dc potential. It was found that the alkanethiol SAM structure as 
observed by STM was not significantly affected by changes in potential. 
This shows that small defects, as revealed by corresponding EIS data, cannot 
be easily observed or quantified using STM. 
f) CV data using a redox active species to probe possible pinhole defects in an 
alkanethiol SAM. No clear peaks corresponding to a reaction of redox 
species adsorbed on the underlying gold could be observed. We concluded 
this method is not adequate for defect detection, either because the defect 
density is very low or because the redox species cannot penetrate into the 
pinhole. 
g) Mixed alkanethiol SAMs were studied with EIS and accurate information of 
the mixture composition was obtained. This enabled the thermodynamics 
and kinetics of the mixed SAM formation to be studied. It was found that a 
short chain SAM adsorbed on Au can be replaced by exposure to a longer 
alkanethiol. For longer chain SAM the packing density is higher and there 
are fewer defects. It is therefore more difficult for a shorter chain alkanethiol 
to disrupt the long chain alkanethiol SAM lattice. And the kinetics can play a 
role in determining the composition of the SAM formed if the adsorbed 
molecules are very strongly bound and cannot be displaced easily. 
Future directions of this work could include studying the potential profile issue 
further, especially with SAM terminated with various functional groups so that the 
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interface properties can be better understood. Further studies of different mixed SAM 
systems can be done with EIS to obtain a thorough understanding of the 
thermodynamics and kinetics of pure and mixed SAM formation. This is an 
underdeveloped area but is very important for many interfacial issues and applications. 
Examples include creating mixed SAM layer to control surface wetting and adhesion 
and the creation of surfaces for sensors, particularly in biological applications where 
different bio-molecules are present on a single surface. It would also be of interest to 
apply the EIS method to applications requiring the quality of molecular devices or 
films to be found. This is becoming increasingly important for many proposed new 
sensor platforms, such as the requirement of massive arrays of bio-sensors for 
screening. The performance of such sensors will depend on the uniformity, defect 
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1 Appendix A. Electrochemical Surface Plasmon Resonance 
(ECSPR) 
Besides STM, EIS, ellipsometry and quartz crystal microbalance, Surface plasmon 
resonance spectroscopy (SPR) is another technique capable of probing organic films at the 
solid/liquid interface. In particular, SPR is a relatively simple all optical techniques 
especially suited for the characterization of ultra thin films adsorbed onto gold or other 
noble metal surfaces [1-5]. It has been employed effectively to study the formation 
kinetics of alkanethiol SAM on gold [1].  
A typical SPR “scanning angle” experiment monitors the intensity of an incident light 
beam reflected from a gold thin film attached to a glass prism (reflected at the gold-glass 
prism interface) as a function of incident angle. The incident light usually is a HeNe laser 
beam (typically with a wavelength λ of 633nm). Figure A1 plots the reflectivity versus 
angle of incidence for a prism/gold film/ethanol assembly and a prism/gold 
film/dodecanethiol SAM/ethanol assembly. For both samples, at a specific incident angle 
in the SPR reflectivity curve defined as the “SPR angle”, a pronounced minimum occurs 
and surface plasmon polaritons (SPPs) are created at the gold interface. SPPs propagate 
parallel to the gold surface, and the intensity of the optical electric fields associated with a 
SPP decays exponentially away from the gold surface with a decay length on the order of 
200 nm. The momentum of a SPP is sensitive to the index of refraction inside this decay 
length. Changes in this local index of refraction upon adsorption of organic monolayers or 
multilayers on the gold result in changes in the SPR angle. This SPR “angle shift” 
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measurement (kinetics curve) has been used to follow adsorption onto a chemically 
modified gold surface [1].  






















 SAM covered gold
 
Figure A1. SPR reflectivity curves of bare Au/Glass in ethanol and dodecanethiol 
SAM/Au/Glass in ethanol. The scale of above and right axes apply to the inset. 
Figure A2 is a formation kinetics curve of dodecanethiol SAM on gold surface 
obtained by SPR reflectivity measurement. It can be seen that 90% of final thickness was 
reached very quickly during the first few minutes of introduction of dodecanethiol 
adsorption solution. Afterwards, the SAM thickness grows very slowly during the second 
adsorption phase and thiol molecules slowly get more organized and more uniform. This 
is consistent with previous SPR measurements [1] and results obtained by various 
techniques [6, 7]. 
Appendix A. Electrochemical Surface Plasmon Resonance 
 147




















Figure A2: Formation kinetics of dodecanethiol SAM on gold from 1mM dodecanethiol 
ethanol solution monitored by SPR. Reflectivity was measured at incidence angle of 59.75. 
By coupling a potentiostat to the SPR system, the potential of the gold underlying the 
alkanethiol SAM can be controlled. Combination of SPR with electrochemical techniques 
result in a very powerful method [Electrochemical SPR (ECSPR)] allowing us to study 
the electrochemical properties of SAM in-situ. In this study, ECSPR was used to study the 
influence of the electrode potential on the structure and uniformity of alkanethiol SAM.  
To illustrate the sensitivity of ECSPR for monitoring interface structure, Figure A3 
shows SPR curves of bare gold in 50mM phosphate solution at various dc potentials. The 
reflectivity at the SPR angle increases with increasingly negative dc potential, indicating 
the surface property is changing. We assume extent of specific adsorption of phosphate 
ions on gold surface is different at each dc potential. Negative potentials tend to expel 
phosphate ions away from the gold surface, with the adsorption sites being filled by water. 
Besides, the thickness of the solution diffuse layer is different as well due to the different 
charging status of the gold surface.  
Appendix A. Electrochemical Surface Plasmon Resonance 
 148
































Figure A3: SPR reflectivity curves vs. incident angle for a bare gold electrode in 50mM 
phosphate electrolyte at various dc potentials. The scale of above and right axis apply to 
the inset. 
On the other hand, increasing the negative potential of a gold electrode with a 
dodecanethiol SAM does not lead to any appreciable decrease in the sharpness of the 
reflecting minimum. Figure A4 shows SPR curves of dodecanethiol SAM on gold in 
50mM phosphate solution at various dc potentials. Compared with Figure A3, the SPR 
reflectivity curves for dodecanethiol/Au at each potential do not deviate from each other 
significantly. This indicates that dodecanethiol SAM does not take up any significant 
structural changes at dc potentials down to -0.5V. Figure A5 shows SPR curves of 
dodecanethiol SAM on gold in another electrolyte (0.1M NaClO4) at various dc potentials. 
The SPR curves also do not deviate from each other indicating that ClO4¯ ions do not 
penetrate into the SAM at positively biased potential. These results further verify that 
alkanethiol SAM is stable against moderate biased dc potentials. 
Appendix A. Electrochemical Surface Plasmon Resonance 
 149
































Figure A4: SPR reflectivity curves vs. incident angle for a dodecanethiol SAM covered 
gold electrode in 50mM phosphate electrolyte at various dc potentials. The scale of the 
above and right axes apply to the inset. 






























Figure A5: SPR reflectivity curves vs. incident angle for a dodecanethiol SAM covered 
gold electrode in 0.1M NaClO4 at various dc potentials. The scale of the above and right 
axes apply to the inset. 
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A  electrode surface area  
C capacitance; 
 concentration 
Ct  total interface capacitance 
CH  Helmholtz layer capacitance 
CD  diffuse layer capacitance 
D diffuse coefficient 
E potential 
E0  standard potential of an electrode 
E0’ formal potential 
Ez potential of zero charge 
F the faraday; charge on one mole of electrons 
f F/RT 
h Plank’s constant 
i current 
i0 exchange current 
K equilibrium constant 
k0 standard (intrinsic) heterogeneous rate constant 
kb heterogeneous rate constant for oxidation 
kf heterogeneous rate constant for reduction 
O oxidized form of the standard system 
qj excess charge on phase j 
R reduced form of the standard system 
R (a) gas constant 
 (b) resistance 
Rct charge transfer resistance 
Rs solution resistance 
Ru uncompensated resistance 
T absolute temperature 
t time 
υ linear potential scan rate 
x distance, usually from a planar electrode 
Z impedance 
Zf faradaic impedance 
Z’ real part of impedance 
Z” imaginary part of impedance 
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α  electron transfer coefficient 
β electron tunneling coefficient 
ε dielectric constant 
ε0 permittivity of free space 
η  over potential 
κ  double layer thickness parameter 
λ reorganization energy 
Φ0 potential drop of the solution side of the double layer 
σM charge density 
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Abbreviations 
CV,  Cyclic Voltammetry 
EIS, Electrochemical Impedance Spectroscopy 
GCS, Gouy-Chapman-Stern 
IHP, Inner Helmholtz Plane 
IPE, Ideal Polarized Electrode 
NHE, Normal Hydrogen Electrode 
OHP, Outer Helmholtz Electrode 
PZC, Potential of Zero Charge 
HER, Hydrogen Evolution Reaction 
ORR, Oxygen Reduction Reaction 
SPR, Surface plasmon resonance 
 
